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THE EFFECT OF CHANGE IN BODY POSITION ON LUNG 
VOLUME AND INTRAPULMONARY GAS MIXING IN 
NORMAL SUBJECTS? 


By E. BLAIR? anv J. B. HICKAM 
(From the Department of Medicine, Duke University School of Medicine, Durham, N. C.) 


(Submitted for publication September 27, 1954; accepted November 3, 1954) 


In many normal people a sizable part of the 
lung is ventilated at a much slower rate than the 
remainder. Means have been devised for measur- 
ing the volume and ventilation rate of these “slow 
spaces” (1-4). It is also established that a change 
in body position from sitting to recumbent will 
alter the size of the various subdivisions of the 
lung volume (5, 6). In the course of some ob- 
servations on intrapulmonary gas mixing, it was 
found that changes in body position caused sig- 
nificant changes in size and ventilation rate of the 
“slow spaces.” It is the purpose of this paper to 
present the results of a study of the effects of 
various body positions on lung volumes and on the 
size and ventilation rate of the poorly ventilated 
regions of the lung. 


METHODS 


The functional residual capacity (FRC) and the vol- 
lume (Vs) and minute ventilation rate (Vs) of the most 
poorly ventilated lung space were measured by an open- 


circuit helium method (4). The subject breathes a mix- 
ture of 50 per cent helium and 50 per cent oxygen for 
fifteen minutes to achieve a nearly uniform concentration 
of helium throughout the lungs. At the end of a normal 
expiration he is switched to tank oxygen, and the ex- 
pired gas is thereafter collected for subsequent measure- 
ment of volume and helium concentration. In addition, 
the helium concentration of the expired gas is continu- 
ously followed by a sensitive katharometer between he- 
lium levels of 3.30 and 0.05 per cent. When the helium 
concentration reaches 0.05 per cent, the analysis is 
abandoned. The FRC is calculated, as in other open- 
circuit methods, from the total quantity of helium ex- 
creted during the washout period and the mean intrapul- 
monary concentration of helium at the start of the 
washout. For measuring the slow space, a plot of helium 


1 This work was supported, in part, by a research 
grant H-1370(C) from the National Institutes of Health, 
Public Health Service, and, in part, by the Life In- 
surance Medical Research Fund. 

2U. S. Public Health Service Post-doctorate Research 
Fellow. Present address: University of Colorado Medi- 
cal Center, Denver. 


concentration in the expired air against time is made on 
semi-logarithmic paper. The terminal part of this curve, 
which is produced by helium excretion from the slow 
space, approximates a straight line. The emergence of 
a straight line indicates that those parts of the lung 
which are still excreting helium are being ventilated 
enough alike so that they constitute, in effect, a single 
homogeneously ventilated lung space. The straight line 
toward which the curve tends during the last few min- 
utes of the washout is drawn in “by eye.” From the slope 
of this line, the point at which it intersects the ordinate 
at zero time, and from the minute ventilation rate of the 
subject, it is possible to estimate the ventilation rate and 
volume of the slow space. 

In the present study the expressions k, and f are used 
to characterize the slow space. k, is the “turnover rate” 
of the slow space, or ratio of its minute ventilation to its 
volume (V./V,). For the lung as a whole, k is usually 
between 2 and 3 if the subject is in a basal or near- 
basal state. For the whole lung, k represents the ratio 
between total minute ventilation and the functional resid- 
ual capacity. The present subjects were not basal and 
the ratio between minute ventilation and FRC was about 
4, for seated subjects. The relative size of the slow 
space is expressed as the ratio, f, between the volume of 
the slow space and the functional residual capacity. 

The present method is not well suited to the measure- 
ment of rapidly ventilated lung spaces because of the lag 
in response of the katharometer to change in helium con- 
centration. A 95 per cent response occurs in 20 seconds. 
In addition, it requires 5 to 8 seconds for expired gas to 
pass from the subject to the sampling point. Although an 
allowance can be made for these delays, inexactness in 
the allowance may introduce serious errors into the es- 
timates of ventilation rate and volume of lung spaces 
which have a very rapid turnover rate. The analytical 
system can measure accurately k values of at least 3.0, 
as demonstrated by results obtained with simulated lungs 
having a known volume and ventilation rate. Conse- 
quently, the ratio of ventilation rate to volume can be 
determined even for a space which is this rapidly washed. 
However, the actual values of ventilation rate and vol- 
ume also depend on the point where the extrapolated 
straight line, whose slope is measured as k, intercepts the 
ordinate. The larger the value of k, and the steeper the 
resultant slope, the greater will be the error introduced 
by inexactness in timing. The error in ventilation rate 
and volume is proportional to the error made in deter- 
mining the concentration value, Co, where the line in- 


383 








384 E. BLAIR AND 
tercepts the ordinate. This error can be calculated for 
a given time error from the equation for the line: 


In “ —kt. If it is assumed that instrumental lag is 15 


seconds greater than the allowance, then volume and 
ventilation rate of the slow space will be 5 per cent too 
great for a k of 0.2; 13 per cent for a k of 0.5; 28 per 
cent for a k of 1.0; and 65 per cent for a k of 2.0. The 
absolute magnitude of the error in ventilation rate and 
volume depends upon the value of Co. The ventilation 
Co 
- 0.50 : 

where V; is the total ventilation rate and 0.50 is the 
concentration ot helium in the space at the start of the 
washout (4). If, for example, V: is 10 liters per min- 
ute, C. is .075 (or 7.5 per cent), k is 1.0, and the error is 
15 seconds, then V, will be calculated as 1920 ml. per 
minute instead of the correct value of 1500 ml. per min- 
ute. On the basis of these considerations it has been de- 
cided not to attempt to calculate volume and ventilation 
rate for spaces having a k greater than 1.0 or a C. 
greater than .075. This rule is followed in the present 
study. 

The vital capacity and its subdivisions were measured 
with a spirometer in the conventional way. 

Measurements of the lung volumes and of the most 


rate of the slow space, Vs, is estimated as: V. = V: 


J. B. HICKAM 


slowly ventilated space were made with the subjects 
seated, standing, recumbent (supine), in the right and 
left lateral positions, and in a 30° head-down Trendelen- 
burg position. The subjects were 12 normal males with 
an age range of 23 to 39 years. In all 12 subjects meas- 
urements were made of the FRC and, in 11 instances, of 
intrapulmonary mixing in the seated, standing, and re- 
cumbent positions at a single, uninterrupted study period. 
These subjects are designated as “Group A.” In 9 sub- 
jects measurements were made in the recumbent, lateral, 
and Trendelenburg positions during a single study pe- 
riod, and these subjects are designated as “Group B.” 
In some instances all measurements were made at a 
single session. After each individual measurement a 
rest period of several minutes was allowed, during which 
the subjects moved freely about and assumed various 
body positions at will. 


RESULTS 
Effect of body position on lung volumes 


The data on lung volumes in different body posi- 
tions are summarized in Tables IA and IB and 
are presented graphically in Figure 1. For cal- 


TABLE IA 


Postural changes in lung volumes (liters) 
Normal subjects, group A 








Sitting 
Number of 


subjects Mean 


Standing 


Mean S.D. 





4.96 
3.18 
1.80 
3.30 
1.40 
6.36 

22 


Vital capacity 

Inspiratory capacity 
Expiratory reserve 
Functional residual capacity 
Residual capacity 

Total capacity 

RC/TC x 100 


4.96 
3.10 
1.85 
3.79" 
1.81t 
6.77t 
27t 


A7 
44 
36 
40 
40 
42 

5 





* Significantly different from the value obtained in the seated position (p <.01). 
t Significantly different from the value obtained in the seated position (p <.02). 
t Significantly different from the value obtained in the seated position (p <.05). 


TABLE IB 


Postural changes in lung volumes (liters) 


Normal subjects, group B 








Recumbent 
(9 subjects) 


Mean Mean 


Right lateral 
(8 subjects) 


Left lateral 
(8 subjects) 


Trendelenburg 
(9 subjects) 





Mean Mean 





Vital capacity 4.64 4.43 


4.64 4.32* 


3.23* 
1.41* 
2.91¢ 
1.50 
6.13 
25 


3.62 
0.70* 
2.10T 
1.41 
5.72* 
24 


3.70 
0.94 
2.47 
1.54 
6.18 

24 


3.13* 
1.31* 
2.89t 
1.58 
6.01 
26 


Inspiratory capacity 
Expiratory reserve 
Functional residual capacity 
Residual capacity 

Total capacity 

RC/TC x 100 





* Significantly different from the value obtained in the recumbent position (p <.01). 
t Significantly different from the value obtained in the recumbent position (p <.02). 
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TERMINOLOGY 


STANDING 
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RECUMBENT Eos 
RECUMBENT 
RIGHT LATERALL 
TRENCELEN®URG 


GROUP A GRouP 8 


Fic. 1. Tue Errect oF Bopy Position ON THE Con- 
VENTIONAL SUBDIVISIONS OF THE LUNG VOLUME IN 
NorMAL SUBJECTS 


There are 12 subjects in Group A and 9 in Group B. 


culating the statistical significance of changes in 
lung volumes, the sitting position is taken as the 
standard of reference for Group A and the re- 
cumbent (supine) position as the standard for 


Group B. 

The residual capacity proved to be quite stable. 
In the standing position it was significantly larger 
than in the sitting, but otherwise it was not sig- 
nificantly changed. Hurtado and Fray (5) and 
Whitfield, Waterhouse, and Arnott (6) reported 
that the residual capacity decreased on passing 
from the sitting to the supine position but this did 
not occur in the present study. The functional 
residual capacity (FRC), on the other hand, va- 
ried considerably with body position. For the 
most part, changes in FRC were based on cor- 
responding changes in the expiratory reserve. 
In broad terms, the FRC, or lung volume at the 
relaxation point, was greatest in the standing po- 
sition and became progressively less on passing to 
sitting, recumbent, and Trendelenburg positions. 
The difference in FRC between standing and 
Trendelenburg positions was approximately 1700 
ml. Changing from the supine to a lateral posi- 
tion caused a significant increase in FRC, averag- 
ing about 400 ml. The total capacity was largest 
in the starding and least in the Trendelenburg 
position. The average difference was approxi- 
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mately 1000 ml. Except for the residual capacity, 
the changes in lung volumes between seated and 
recumbent positions are similar to those reported 
by others. For the other body positions no data 
appear to be available for comparison. 


The effect of body position on intrapulmonary gas 
mixing 

Changes in intrapulmonary gas mixing are ex- 
pressed as changes in the volume (V,) and ventila- 
tion rate (V,) of the most slowly ventilated lung 
space. These values and the relative volume, f, 
and relative ventilation rate, k,, of the slow space 
are presented in Tables IIA and IIB. No differ- 
ence is apparent between the seated and standing 
positions (Table IIA). In each position the slow- 
est space in four of the 11 subjects was too rap- 
idly ventilated to be measured. Assuming the 
recumbent position produced a definite change in 
intrapulmonary mixing. All but one subject dem- 
onstrated a measurable slow space in the recum- 
bent position. The relative ventilation rate, k,, of 
the slow space for the group as a whole was ap- 
proximately half as fast as in the seated or stand- 
ing positions. This decrease is statistically sig- 
nificant. In addition, the slow space decreased 
in size or, in two cases, remained virtually un- 
changed on passing from standing or sitting to the 
recumbent position. On changing from the re- 
cumbent to the Trendelenburg position, k, again 
became significantly smaller, but the volume of the 
slow space remained about the same. In associa- 
tion with the decrease in relative ventilation rate 
of the slow space on lying down, there was a small 
but statistically significant decrease in total ventila- 
tion rate. However, the decrease in functional 
residual capacity (Table IA) was proportionately 
greater than the drop in total ventilation rate, so 
that the relative ventilation rate of the lung as a 
whole was increased on lying down. On chang- 
ing from recumbent to lateral positions, there was 
no significant change in volume or ventilation rate 
of the slow space. 

In summary, the functional residual capacity 
became smaller when a sitting or standing subject 
lay down, and it became smaller still in the Tren- 
delenburg position. These changes depended pri- 
marily upon changes in the expiratory reserve 
volume, since the residual air changed very little. 
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EFFECT OF BODY POSITION ON LUNG VOLUME AND GAS MIXING 


POSTURE AND INTRAPULMONARY MIXING 
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Fic. 2. Tue Errect or Posturat CHANGE ON FUNCTIONAL REsIpUAL CAPACITY AND INTRA- 
PULMONARY GAs M1xING IN A NorMAL PERSON 


The diagram on the left demonstrates the changes in helium washout curve of a normal sub- 


ject resulting from changes in body position. 


On the right there is a diagrammatic presenta- 


tion of the changes in functional residual capacity (FRC), volume of the most slowly ventilated 
lung space (Vs), minute ventilation rate of the space (Vs), and ratio of Vs to Vs (ks), with 


change in body position. 


Values in the standing position are represented by solid circles; 


seated by open circles; and recumbent, by triangles. 


On lying down, the most slowly ventilated space 
became smaller and more poorly ventilated, and 
in the Trendelenburg position it became still more 
poorly ventilated. In the Trendelenburg position, 
on the average, about a fifth of the resting lung 
volume was being ventilated at about one-twen- 


tieth of the mean ventilation rate for the lungs as 
a whole. Within the limitations of the method, 
lying on the side did not make intrapulmonary 
mixing less even than it was in the recumbent 
position. 

Figure 2 illustrates some of the changes pro- 


TABLE Ill 
Postural changes in lung volume and in the slowest ventilated space: Lung disease 








W. J. o& 30 years 
Cystic disease 


Seated 





Recumbent 


M. W. of 52 years 
Fibrosis, Emphysema 


Seated 


J. B. & 60 years 
Emphysema 


Seated 








Recumbent Recumbent 





Vital capacity 

Inspiratory capacity 
Expiratory reserve 
Functional residual capacity 
Residual capacity 

Total capacity 

RC/TC X 100 


2.20 
1.10 
1.10 
2.33 
1.23 
3.43 

36 


1.92 
1.12 

81 
2.31 
1.50 
3.42 

44 


41 
.20 
A7 


ks 39 
f 


49 
1.150 
450 


V, (liters) 


Vz (ml./min.) 190 


2.12 
1.62 
.50 
4.35 
3.85 
6.32 
67 


22 
55 
2.40 


530 


2.47 
1.97 
.50 
4.29 
3.79 
6.26 
61 


2.28 
1.45 
83 
7.23 
6.40 
8.68 
74 


2.18 
1.28 

91 
6.78 
5.87 
8.05 

73 


oe ¢ 
50 
3.36 


370 


06 
46 
1.99 


120 


13 
53 
3.80 


490 
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duced in a normal subject by change in body 
position. 

Table III summarizes the effect on lung vol- 
umes and slow space of changing from the seated 
to the recumbent position in three patients with 
lung disease. One patient had cystic disease and 
the other two had emphysema. There is relatively 
little change in expiratory reserve and functional 
residual capacity between the seated and lying 
positions. These subjects do not show the nor- 
mal tendency of the resting lung volume to be- 
come smaller in recumbency. The two patients 
with emphysema have very large, poorly venti- 
lated slow spaces. Change in body position pro- 
duces no striking change in these spaces. 


DISCUSSION 


The present data show considerable inequality 
of ventilation in the lungs of normal subjects, par- 
ticularly in the recumbent and Trendelenburg 
positions. In these positions, the most slowly ven- 
tilated space amounted, on the average, to about 
a fifth of the functional residual capacity. The 
ratio of minute ventilation to volume in the slow 
space was about one-third in recumbency and one- 
quarter in the Trendelenburg position (Table 
IIB). If the normal resting pulmonary blood 
flow were evenly distributed through the func- 
tional residual volume, these low ventilation rates 
would result in ventilation-perfusion ratios in the 
slow space of about 1 to 7 in recumbency and 1 
to 12 in the Trendelenburg position. Blood per- 
fusing these regions would be poorly aerated and 
would furnish a large “venous admixture” to the 
arterial blood. From the data of Riley and 
Cournand (7, 8) it appears that the amount of 
venous admixture would considerably exceed nor- 
mal limits. In fact, the arterial blood oxygen 
saturation at sea level should fall below 95 per 
cent. Since the arterial oxygen saturation is nor- 
mally well maintained in recumbency, it is prob- 
able that perfusion, as well as ventilation, is re- 
duced in the slowly ventilated space. Such a result 
would be favored by the development of a re- 
duced oxygen tension in regions where the ven- 
tilation-perfusion ratio is very low (9, 10). It 
has been pointed out that a local increase in pul- 
monary vascular resistance resulting from local 
hypoxia can be beneficial in shunting blood away 
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from portions of the lung where aeration is im- 
paired by disease (11). The present finding that 
ventilation can be greatly reduced in some parts of 
the lung by change in body position suggests that 
a similar shunting mechanism may be used to 
maintain normal arterial oxygenation under physi- 
ological conditions in healthy subjects. 

A study of the effect on intrapulmonary gas 
mixing of a voluntary change in end-expiratory 
lung volume in normal subjects in the sitting posi- 
tion has been reported recently by Bates, Fowler, 
Forster, and Van Lingen (12). The volume of 
the slowly ventilated space changed in proportion 
to the end-expiratory lung volume, but the slow 
space continued to get the same share of the ef- 
fective ventilation at different lung volumes. Ac- 
cordingly, the turnover rate of the slow space in- 
creased as its volume decreased. The opposite ef- 
fect on turnover rate was found in the present 
study when the volume of the slow space was de- 
creased by recumbency. 

The location of those portions of the lung which 
comprise the slow space is not known. Uni- 


form involvement of large portions of the lung, 
particularly a segment supplied by a single bron- 


chus, would presumably encourage atelectasis dur- 
ing prolonged recumbency. The development of 
these large slow spaces in normal subjects during 
recumbency emphasizes the desirability of fre- 
quent change in body position and occasional pe- 
riods of induced hyperventilation in the care of 
unconscious patients or those who are confined to 
a respirator. 

Passing from the standing to the recumbent 
position causes a decrease in the resting capacity 
or relaxation volume of the lung amounting to 
about 1200 ml., and assuming the Trendelenburg 
position causes a further decrease of 400 to 500 ml. 
These changes apparently result from a progres- 
sive elevation of the diaphragm, presumably be- 
cause of pressure from the abdominal viscera. It 
is also possible that the resting tone of the dia- 
phragmatic muscle may be decreased in the re- 
cumbent position. This large change in lung vol- 
ume, and the attendant change in position of the 
bronchi, may account for the paroxysms of cough- 
ing which often develop when patients with bron- 
chitis and an active cough reflex assume the re- 
cumbent position. 
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SUMMARY 


1. Using an open-circuit helium method, meas- 
urements have been made in normal subjects of 
the effect of change in body position on the con- 
ventional subdivisions of the lung volume and on 
the size and ventilation rate of the most slowly 
ventilated portion of the lung. The subjects were 
studied in the standing, seated, supine, right and 
left lateral, and Trendelenburg positions. 

2. The functional residual capacity became pro- 
gressively smaller on passing from the standing 
to the seated position, from seated to recumbent, 
and from recumbent to Trendelenburg. These 
changes depended primarily upon changes in ex- 
piratory reserve volume, since the residual ca- 
pacity changed very little. 

3. Most of the subjects demonstrated in the 
standing and seated positions a slowly ventilated 
lung space which could be measured by the pres- 
ent technique. On recumbency, all subjects but 
one demonstrated such a space. In general, the 
“slow space” became smaller and more slowly 
ventilated when the subjects lay down, and its 
ventilation rate was still further reduced in the 
Trendelenburg position. The volume of the slow 
space was approximately a fifth of the functional 
residual capacity in recumbent and head-down sub- 
jects. The minute turn-over rate of these slow 
spaces was, in general, less than 0.5. 
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The frequent association of anemia with chronic 
liver disease provides a possible means of exam- 
ining the role of the liver with respect to the for- 
mation and destruction of red blood cells. An 
understanding of the mechanism of this anemia 
has been retarded by the frequent appearance in 
afflicted patients of complicating factors such as 
blood loss, infection, neoplasm, and occasionally 
nutritional macrocytic anemia, as well as by the di- 
versity of the actual hepatic lesions. Furthermore, 
the proliferative aspects of the liver and spleen in 
hepatic cirrhosis render it theoretically likely that in 
this common form of chronic liver disease superim- 
posed pathologic, as well as altered physiologic, 
processes act upon the production, sustenance, and 
destruction of red cells. Nevertheless, knowledge 
of the pattern of red cell turnover in chronic liver 
disease is of basic clinical and physiologic interest. 

A number of surmises have been offered to ac- 
count for the pathogenesis of the anemia of liver 
disease. The hypothesis that this anemia is meta- 
bolically similar to pernicious anemia and that 
it arises from defective storage of the subse- 
quently identified Vitamin B,, (1-3) has been 
generally rejected for several reasons, namely: 
The morphologic dissimilarities of the two types of 
anemia (4, 5); the failure of typical cases to re- 
spond to preparations containing Vitamin B,, 
(6) ; the demonstration of anti-pernicious anemia 
activity in the liver of cirrhotic patients with 
macrocytic anemia (7); and the inability of liver 
extract to prevent anemia during experimental 
liver injury (8). More recently it has been sug- 
gested that another, unrelated metabolic defect 
exists (6), possibly exaggerated in some cases 


1 This investigation was supported in part by research 
grant G-3507 (C,) from the National Institutes of Health, 
Public Health Service. 

* Public Health Service Research Fellow of the Na- 
tional Institute of Arthritis and Metabolic Diseases. 


by hemodilution (9). On the other hand, the 
elevation of the reticulocyte levels (10, 11) and 
the extension of the marrow organ (12, 13), re- 
ported to occur in chronic liver disease, are more 
suggestive of increased red cell destruction than 
of metabolic defects inhibiting production. Cer- 
tain patients have been described as having in- 
creased rates of urobilinogen excretion during 
chronic liver disease (14, 15) although no clear 
correlation existed between the amount of urobilin- 
ogen excreted and the presence or the degree 
of anemia. Occasional instances of classical ac- 
quired hemolytic anemia with a positive direct 
antiglobulin (Coombs) test have been reported in 
association with chronic liver disease (16), but 
such cases are exceptional. An increase in diam- 
eter and decrease in thickness without increase in 
volume manifest also as an increase in resistance 
to osmotic lysis of the red cells of certain jaundiced 
patients have been reported to be an acquired char- 
acteristic (17). This red cell alteration, how- 
ever, has been described in association with biliary 
obstruction (18) and infectious hepatitis (19) 
rather than with chronic liver disease, and thus an 
essential relationship to the anemia of liver dis- 
ease has not been demonstrated. 

This is a report of a series of 20 patients with 
chronic liver disease and anemia who have been 
studied by a number of hematologic techniques. 
A later report will be concerned primarily with 
nutritional studies on the same group of patients, 
with particular attention to the metabolism of 
folic acid. 

CLINICAL MATERIAL 


Twenty patients with chronic liver disease and various 
degrees of anemia, in whom no evidence existed of cur- 
rent or previous blood loss, were transferred to a special 
metabolic ward for study under controlled conditions. 
The group consisted of 10 males and 10 females whose 
ages ranged from 28 to 64 years. All were well-docu- 
mented chronic alcoholics in whom a diagnosis of cir- 
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rhosis was made on clinical grounds. This diagnosis 
was verified pathologically in six patients in whom 
confirmatory liver biopsies were considered necessary, 
and in three patients at autopsy. Observations were be- 
gun on the average six days after hospital admission, 
within five days in 12 patients, and were continued for 
an average of 36 days. Of the 20 patients, 11 improved 
clinically while under observation, 4 showed no im- 
provement, and 5 died in hepatic coma. 


METHODS 


Red blood cell counts, hemoglobin determinations, and 
hematocrit readings were performed every three or four 
days by standard techniques (20). Reticulocytes were 
enumerated daily using the dry method (20) and count- 
ing 1,000 cells. Bone marrow specimens were aspirated 
from the iliac crest and at least 200 nucleated cells were 
counted differentially. The osmotic fragility of the red 
cells was measured before and after sterile incubation 
of defibrinated blood at 37° C. for 24 hours (21), with 
correction for the osmotic effect of 0.1 ml. of whole blood 
added to each 1 ml. sample of hypotonic salt solution (22). 
The mechanical fragility of the red cells before and af- 
ter incubation was determined on blood samples cor- 
rected to a hematocrit of 35 per cent (23). Auto-ag- 
glutinins and auto-hemolysins were searched for at least 
once in each patient over a pH range of 6 to 8 (24) and 
after incubation of the blood at 4°, 25°, and 37° C. A 
direct antiglobulin (Coombs) test (25) employing serial 
dilutions of the antiglobulin serum was performed at 
least twice on each patient. Trypsinized red cell prepara- 
tions were employed in a modification of the method of 
Rosenthal, Dameshek, and Burkhardt (26), in order to 
demonstrate incomplete antibodies in the patients’ sera. 

Whoie blood glutathione levels were measured iodo- 
metrically (27) and the content of aikali-resistant hemo- 
globin was estimated by the method of Singer, Chernoff, 
and Singer (28). Spectrophotometric curves were de- 
termined on hemoglobin solutions of six patients over 
a wave length range of 400 to 700 mu.; the test solu- 
tions contained 250 mg. of oxyhemoglobin per 100 ml. 
of 0.1 per cent sodium carbonate in water. 

Serum iron levels were measured by the method of 
Kitzes, Elvehjem, and Schuette (29) employing 1,10- 
(ortho)-phenanthroline; the serum iron-binding capacity 
was determined by a modification of the method de- 
scribed by Rath and Finch (30). Gross estimations of 
bone marrow and liver hemosiderin were made on the 
basis of the prussian blue reaction (20). The liver tis- 
sues were counterstained with basic fuchsin. 

The methods of Schwartz, Sborov, and Watson (31) 
were employed for quantitative measurements of stool 
and urine urobilinogen content during four-day col- 
lection periods. One to five such collections were car- 
ried out on each patient. Frequent determinations were 
made on the serum albumin and globulin levels (32, 33), 
the serum bilirubin, the serum retention of bromsulpha- 
lein, the formol gel reaction, and the serum stability in 
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terms of cephalin flocculation, thymol turbidity, and thy- 
mol flocculation (20). 

The survival of normal red cells in these patients was 
determined by the Ashby differential agglutination 
method (34) as modified for the use of dried rabbit anti- 
human blood group serum.’ Anti-M serum was used in 
most instances; in a few, Anti-A and Anti-B sera were 
used. The base-line inagglutinable red cell counts of 
the recipients averaged 12,000 (range: 2,000 to 32,000) 
red cells per cubic millimeter. The packed red cells 
from one or occasionally two pints of normal donor blood 
preserved in ACD solution were given within 48 hours 
of procurement. All donor cell-recipient plasma combi- 
nations were examined for agglutination at 37° C. and 
a Coombs test was then performed on the donor cells. 
The initial post-transfusion inagglutinable red cell count 
was made 24 to 48 hours after transfusion; thereafter in- 
agglutinable red cell counts were made every few days 
or weeks, depending upon their rate of fall, until base- 
line levels were again reached. Although paired total 
red cell counts were performed with the inagglutinable 
red cell counts, results were recorded as actual inagglu- 
tinable counts rather than as percentage values in order 
to minimize the dilution effect of an increasing red cell 
mass. The inagglutinable red cell count at “zero-time” 
was obtained by extrapolation of the best visually adopted 
line, and in graphic representation all points were ex- 
pressed as percentages of this value. Since the survival 
curves were not generally rectilinear, and in order to 
avoid debatable methods for distinguishing extrinsic and 
intrinsic destructive processes, red cell survival was ex- 
pressed as half-survival, t.e., the period of time in which 
half the transfused cells had disappeared. 

The survival of autogenous red cells was determined in 
two subjects by labeling with radioactive chromium 
(Cr™), as described by Gray and Sterling (35) and as 
modified for red cell survival studies (36). In this 
method 50 ml. of the subject’s blood was suspended in 
ACD solution and incubated with 60 to 100 uc. of 
Na,Cr"O, at room temperature for one hour. The 
hexavalent Cr™ remaining in the plasma was then re- 
duced with 125 mg. of ascorbic acid (37) prior to rein- 
jection of the tagged cells with a calibrated syringe. 
Radioactivity in the samples was determined with a well- 
type scintillation counter. 

Venous blood buffy coat Vitamin C levels (38), serum 
Vitamin B,. levels (39), and urine folic acid (40) and 
citrovorum factor levels (41) were measured by meth- 
ods modified as described elsewhere (42). Full details 
of these measurements will be published separately. 


RESULTS 
Morphology 


The morphologic data, which include normal 
values for this laboratory, are recorded in Table I. 


8 Kindly provided by Lederle Laboratories Division, 
American Cyanamid Company. 
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TABLE I 
Observations relating to the peripheral blood, bone marrow, and liver function in 20 cases of cirrhosis and anemia 











Peripheral blood Bone marrow differential count 





Granulocytes Meta- 
Hemo- Hema- —_————___ myelo- Myelo- Myelo- 
RBC globin tocrit MCV Mature Young cytes cytes blasts 


Patient X10¢/mm* gm. % vol. % ” . % % % % 





$0403 1483208 45.942.7 91+7 1745 26+8 10+4 1235 itt 

44203 13.0408 42.1420 95:+6 
3.44 J 32.3 94 28 12 18 8 
3.03 34.1 112 35 8 25 14 
2.22 x 25.3 114 31 5 38 
3.19 J 32.5 102 31 8 23 
4.08 . 40.1 98 30 16 16 
4.60 ¥ 42.0 91 30 32 18 
3.02 . 28.9 96 27 17 20 
3.74 35.0 94 28 6 32 
1.35 . 15.0 111 38 18 18 
2.89 / 30.7 106 32 2 34 
2.74 J 30.0 109 33 16 24 
2.95 P 34.0 115 33 9 20 
2.30 J 24.8 108 32 4 21 
1.95 . 23.8 122 34 10 il 
2.36 J 24.8 105 25 20 17 
1.98 ‘ 23.9 121 36 23 15 
1.42 d 16.3 115 38 3t 2st 
0.71 J 9.2 130 41 7t 25t 
0.96 J 15.0 156 48 10 21t 
1.34 ° 19.1 143 43 23t 17 


Normal* 
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63 
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* Normal hematologic values for this laboratory are expressed as the mean +1 standard deviation. 
t Co-existing folic acid deficiency. 
t Abnormal (see text). 


TABLE 1—Continued 


Observations relating to the peripheral blood, bone marrow, and liver function in 20 cases of cirrhosis and anemia 





Bone marrow differential count (continued) 





Late Early Pro- 
Normoblasts erythroblasts erythroblasts erythroblasts 





Lympho- Plasma Mono- Histio- Ab- Ab- Ab- Ab- 
cytes cells cytes cytes Normal normal Normal normal Normal normal Normal normal 


% % % % %e % % % 
442 0.2 +0.2 


Age Patient 
*Normal 
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_ 
He 
= 
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15+6 i+tl 321 1+1 1125 
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16 
7 
17 
10 
10 
5 
12 
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9 
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18 
24 
il 
10 
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11 
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MECHANISM OF ANEMIA OF LIVER DISEASE 


TABLE 1—Continued 
Observations relating to the peripheral blood, bone marrow, and liver function in 20 cases of cirrhosis and anemia 





Liver function tests 





Bilirubin 
Icterus —_——_——- BSP Ceph- Thy- Thy- 
index Prompt reten- alin mol mol 
on ad- irect Total tion floceu- tur- floccu- Albu- 
mission mg. % % lation bidity lation min 


0.1+40.1 0.7+0.3 0-5 O1+ 02.1 .4 2-3 


Liver Spleen Ascites 





Glob- 
ulin Formol 
am. % gel 


Distance below 
a costal margin 
Patient Age cm. 


Normal* M 0 
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42 
47 
54 
63 
41 
49 
56 
55 
28 
56 
50 
31 
64 
39 
37 
50 
41 
49 
50 
61 


5 
19 
2 
? 
10 
? 
18 
7 
14 
10 
3 
17 
? 
10 
12 
? 
14 
5 
7 
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* Normal hematologic values for this laboratory are expressed as the mean +1 standard deviation. 


t Co-existing folic acid deficiency. 
¢ Abnormal (see text). 


It is evident that four patients (H. B., J. Ba., A. 
K., and M. S.) differed from the group as a whole 
in that the anemia was more severe and the in- 
crease of the mean corpuscular volume and mean 
corpuscular hemoglobin was generally greater. 
The marrow patterns of these four patients also 
differed from the others in exhibiting a large per- 
centage of abnormal red cell precursors (i.e., 
megaloblasts ), but the most striking and consistent 
departure from normal was in the appearance of 
the granulocyte series. These cells were large, 
with peculiarities of nuclear shape, chromatin, and 
mitoses of the kind found in pernicious anemia. 
Unlike the remainder of the patients in the group, 
these four patients subsequently responded he- 
matopoietically to folic acid preparations. They 
can justifiably be considered as a morphologically 
separate group of cases with demonstrable folic 
acid deficiency complicating hepatic cirrhosis. 
The remaining 16 patients had hemoglobin 
levels ranging from the lower limit of normal 
down to 5 gm. per cent, with an average value on 
admission of 8.8 gm. per cent. Macrocytosis, 
generally moderate or mild in degree, was present 


in all distinctly anemic cases. There was a rough 
correlation between the degree of anemia and the 
mean corpuscular volume although no correlation 
was apparent between either of these and the 
severity of liver damage as estimated with con- 
ventional liver function tests and with liver biopsy. 
The mean corpuscular hemoglobin concentration 
was, with one exception (L. S.), within the nor- 
mal range. Abnormalities in the appearance of 
red cells were seldom marked; in 7 of the 16 pa- 
tients, however, there was stippling, unrelated to 
the severity of anemia, and in most of the patients, 
prominently so in M. L. and L. S., occasional tar- 
get cells were present. Nucleated red cells were 
present in small numbers in the peripheral blood 
of three of these patients, and in one of those 
subsequently responding to folic acid (H. B.). 

In all 16 patients not deficient in folic acid, 
there was an elevation of the reticulocyte levels, 
relative and absolute. This increased reticulo- 
cyte activity persisted in most patients for at 
least several weeks after admission, and generally 
abated only with improvement of hemoglobin val- 
ues. The maximum reticulocyte level of these 16 
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Fic. 1. Tue Spontangous INcREASE IN RETICULOCYTE LEVELS IN PATIENTS 
witH CrrrHosis, CHronic ALCOHOLISM, AND ANEMIA FoLLow1nc HospIitAti- 
ZATION AND ABSTINENCE 

Each point represents the mean of the values in five patients. For comparison 
absolute, rather than percentage, reticulocyte values were averaged. The upper 
and lower limits of normal are indicated by the horizontal interrupted lines. 


TABLE II 
Osmotic*and mechanical fragility determinations in 20 patients with cirrhosis and anemia 








Osmotic fragility Mechanical fragility 








Tonicity (mean + 1 S.D.) Hemolysis (mean + 1 S.D.) 








Hemolysis Normal (22) Cirrhosis Normal (22) 
%e As gm. % NaCl* 


Cirrhosis 





Prior to incubation 





0.47 + 0.027 0.48 + 0.034 
d 027 46 027 
025 44 026 

.026 A2 .026 

024 40 022 

022 39 023 

-020 36 024 

025 32 030 





After 24 hours of incubation at 37° C. 





0.59 + 0.030 0.63 + 0.085 
57 029 -60 072 
.028 57 064 

.025 54 062 

027 49 -052 

.028 43 057 

028 36 079 

035 .28 082 





* Corrected for the tonicity change induced by the addition of blood to the saline solutions. 
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patients averaged 8.6 per cent, with a range of 
from 2.3 to 24.6 per cent. In several patients, 
reticulocyte levels of from 10 to 20 per cent per- 
sisted for several weeks, and in one patient (A. 
J.), this high level continued despite an increase 
in the hemoglobin level to 11 gm. per cent. In 
all the patients who had continued to drink alco- 
holic beverages until admission and who were 
seen within one or two days after admission, there 
was a rise in reticulocyte level beginning a few 
days after admission and reaching a maximum, on 
an average, on the seventh day (Figure 1). This 
rise was especially marked in patient D. L. who, 
like the others, subsequently showed no response 
to folic acid in the presence of a persistent moder- 
ately severe anemia. Patient B. L. was main- 
tained on 20 per cent glucose in water during the 
period of this reticulocytosis; the other patients 
were given a special diet low in animal protein 
and vegetables and almost free of Vitamin B,,. 
Three patients, M. L., A. J., and L. S., who had 
stopped drinking alcoholic beverages one or two 


PATIENT = #.S. 
Ox: HEPATIC CIRRHOSIS 


o—— 0.F. - UNINCUBATED 
MF- 3.4% 


HEMOLYSIS, PER CENT 
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weeks prior to entry showed reticulocyte levels 
of 8 to 14 per cent on admission. 


Red cell fragility 


The results of determinations of the osmotic 
and mechanical fragilities of the patients’ red 
cells and, for comparison, the normal values for 
this laboratory (22) are presented in Table II. 
The summation curves of osmotic fragility and 
the mechanical fragility values of unincubated 
blood were essentially normal, although a small 
portion of the red cells of many of these patients 
were abnormally “resistant” to osmotic lysis. 
After incubation of the blood, hemolysis often 
began in less hypotonic solutions than when nor- 
mal red cells are so treated; and in the majority 
of the patients the red cells most resistant os- 
motically increased their resistance, a finding ob- 
served in several kinds of anemia. Consequently, 
the slopes of the osmotic fragility curves char- 
acteristically were diminished by incubation and 


! 
o——0 0.F.- 24 HOURS’ INCUBATION | 
ME- 26.1% 





as os o7 


05 04 


NACL, GRAMS PER [00 ML. 


Fic. 2. THe Osmotic Fracitiry Curves OF THE RED CELLS OF A PATIENT 
wiTH CIRRHOSIS AND ANEMIA BEFORE AND AFTER INCUBATION OF THE BLOOD 


AT 37° C. ror 24 Hours 


The solid lines represent the osmotic fragility of the red cells of patient H. S., 
while the interrupted lines depict the average values for normal red cells in this 
laboratory. The solid circles indicate the values for unincubated blood, and 


the empty circles for incubated blood. 
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TABLE III 
Observations relating to red cell production and destruction in 20 patients with cirrhosis and anemia 








Serum total 
Hemo- Red cell Estimated Serum iron-binding 
globin half- rate of Urobilinogen excretion iron capacity 
(on ad- survival hemoglobin (mean + (mean + Estimated iron content 
mission) time production Urine Stool 1 S.D.) 1 S.D.) 
Patient gm. % days gm./day mg./day ue. % ue. % Marrow Liver 


Normal 15 (12-18) 60 (52-68) 1.0 (0-4)|| 173 (40-280)|| 121.3436.1 303.1+64.9 0-+ 
: 17 38 308 79 239 
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* Co-existing folic acid deficiency. 

+ Probable immune phenomenon. 

t Determined with Cr*-tagged autogenous red cells with correction for estimated red cell Cr®™ elution (36) 
§ Biliuria present at time of determinations. 

|| Reference 31. 
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GREES OF ANEMIA 


The interrupted straight line represents normal red cell survival. 
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intersected the curves of the unincubated bioods. 
Incubation produced an abnormally great increase 
in red cell mechanical fragility in most of the pa- 
tients. These changes, upon incubation, in the 
osmotic fragility curve and in the mechanical 
fragility values of the red cells of patient H. S. are 
characteristic of the group and are presented in 
Figure 2. 


Immunologic and chemical studies 


The search for abnormal immunologic mecha- 
nisms in these 20 patients was largely unrewarded. 
Elevated cold panagglutinins were present in pa- 
tients M. L. and M. D., in titers of %g and Yas, 
respectively. The serum of A. J. transiently con- 
tained weak auto-agglutinins at 4° C. and occa- 
sionally at 25° C. In no other instances were ab- 
normal agglutinins or hemolysins found. The 
red cells of none of the patients were agglutinable 
by antiglobulin serum. In six instances, sterile 
incubation of the patients’ red cells and of normal 
red cells in the patients’ sera at 37° C. for as long 
as 96 hours resulted in no abnormal increase in 
the hemoglobin content of any of the supernatant 
sera. Trypsinized normal red cells were not ag- 
glutinated by the sera of the six patients tested. 

The whole blood of the six patients so tested 
had normal concentrations of reduced and total 
glutathione. In all 12 patients tested, alkali-re- 
sistant hemoglobin concentrations were below 2 
per cent of the total hemoglobin. The spectro- 
photometric pattern between wave lengths of 400 
to 700 mz. of the hemoglobin solutions of six pa- 
tients was normal. Attempts to distinguish the 
hemoglobin of patients J. B. and M. D. from nor- 
mal hemoglobin by means of paper electrophore- 
sis * were unsuccessful. 

The serum iron levels were in the low normal 
to subnormal range for this laboratory, with a 
mean value of 88.8 ng. per 100 ml. of serum (Table 
III). The mean serum iron-binding capacity was 
significantly reduced in the 17 patients tested ; be- 
ing 215.1 + 52.1 pg. (1 standard deviation) per 
100 ml. as compared to 303.1 + 64.9 ug. per 100 
ml. of serum in 12 normal subjects. In patients 
M. L., L. S., and M. D., persistent jaundice pre- 
vented satisfactory determinations of iron-binding 
capacity because of colorimetric interference by 


4Kindly performed by Dr. Mortimer S. Greenberg. 
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the bilirubin. The mean iron saturation of the 
serum of the patients tested was 41.3 per cent 
compared to the normal mean of 40.1 per cent. 
Semi-quantitative estimations of the hemosiderin 
content of the marrow and the liver indicated 
normal or increased tissue deposits of iron in all 
20 patients. An increase in tissue hemosiderin 
was consistently present in the four patients who 
later responded to folic acid. Hepatic hemo- 
siderin deposits were largely present in the liver 
cells and the periportal areas; hemofuscin was 
not found. 

The mean total urobilinogen excretion of these 
patients was 257.3 mg. per day (Table III) 
which, in the presence of the mean hemoglobin 
level of 8 gm. per cent, represents a distinct in- 
crease. There was a rough correlation between 
the degree of amermia and the quantity of uro- 
bilinogen excreted expressed as milligrams of 
urobilinogen per kilogram of body weight. 


Red celi survival 


The survival of normal red cells in the 15 cir- 
rhotic patients in whom studies employing the 
Ashby technique were completed is represented 
in Figure 3. It can be seen that the rapidity of 
red cell destruction varied greatly in different pa- 
tients, although the survival curves were con- 
sistent in shape. That the rate of the destructive 
process correlates with the degree of anemia is 
evident in Figure 4, in which the half-survival 
time of normal red cells transfused into 14 patients 


TABLE IV 


The relationship between hemoglobin levels and the rate of 
hemoglobin production and destruction in three patients 
with cirrhosis and anemia on whom two 
survival studies were performed 


(I and ITI) 








Hemoglobin 
Prior Change 
to during 
trans- survival 
fusion period 
gm. % 


Estimated 
rate of 
hemoglobin 
production 
gm./day 


11.9 
10.6 


Patient 
¥. Be.2 
II 


8. 

9. 

EL. <i 7. 
II 10. 
8. 

0. 





8. 
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Fic. 4. THe CorRELATION BETWEEN THE PATIENTS’ HeEMoGLoBIN LEVELS 
AND THE Hatr-SurvivaAL T1ImMEs oF TRANSFUSED Normat Rep CELLS 


The ordinate represents the patients’ hemoglobin levels at the time of trans- 
fusion. Red cell survival was determined by the Ashby method. 


SURVIVAL OF NORMAL RED CELLS 
BEFORE AND OURING CORTISONE THERAPY 


2 PATIENTS WITH HEPATIC CIRRHOSIS 


BEFORE CORTISONE 
DURING CORTISONE 


PER CENT 


DONOR CELLS SURVIVAL, 
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Fic. 5. Tue Farture or Cortisone ADMINISTRATION TO AFFECT THE RATE OF 
Rep Ceti Destruction rn Two PATIENTS wiTH CIRRHOSIS AND ANEMIA 


The solid circles represent patient D. L. and the empty circles patient J. B. 
Red cell survival before cortisone administration is depicted by solid lines, and 
during cortisone administration by interrupted fine lines. The interrupted 
straight heavy line indicates normal red cell survival. 
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with cirrhosis is plotted against the recipients’ 
hemoglobin levels at the time of transfusion.® In 
three patients survival studies were performed 
at least twice. As indicated in Table IV, the 
hemoglobin levels increased with or without im- 
provement in red cell survival. In two patients, 
J. B. and D. L., survival studies were performed 
for the second time and the third time, respec- 
tively, during the period when both were receiv- 
ing 200 mg. of cortisone acetate orally daily (Fig- 
ure 5). There was no evident effect upon red 
cell survival. 


Nutritional factors 


Ascorbic acid was not present in the venous 
blood buffy coats of 11 of 16 patients tested. Only 
one of these patients, J. Ba., had clinical scurvy. 
Total serum Vitamin B,, levels in the 20 pa- 
tients ranged from 193 to 1932 ppg. per milliliter 
with a mean value of 601 pug., compared to 532 + 
161 pyg. (1 standard deviation) in 20 normal 
people. Patients H. B., J. Ba., A. K., and M. S., 
who developed significant and sustained hemato- 
logic responses to folic acid, had buffy coat as- 
corbic acid and serum Vitamin B,, levels com- 
parable to the group as a whole. No evidence of 
responsiveness to folic acid or to citrovorum fac- 
tor, or of abnormalities of folic acid metabolism, 
was discovered in any of the other 16 patients. 
Three patients (J. B., E. L., and J. M.) who re- 
ceived 0.6 to 1 gm. of ferrous sulfate orally daily 
and three patients (J. B., D. L., and A. J.) who 
received 200 mg. of cortisone acetate orally daily 
showed no response of reticulocyte or hemoglobin 
levels to either medication. 


DISCUSSION 


These observations on 20 patients with cirrhosis 
suggest that the anemia associated with liver dis- 
ease, when not a result of superimposed folic acid 
deficiency or of blood loss, may be moderately 
severe and is generally self-limited. None of the 
16 patients with uncomplicated anemia of liver 
disease had a hemoglobin level below 5 gm. per 


5 Patient J. Ba. was transfused during the course of 
a response to folic acid and was thus excluded from 
Figure 4. The other patients deficient in folic acid had 
stabilized their hemoglobin levels prior to the survival 
studies. 
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cent, and only five had levels below 7.5 gm. per 
cent. Similarly, macrocytosis was not extreme 
in any of these 16 patients and correlated in degree 
only roughly with the severity of the anemia. 
Indeed, macrocytosis frequently has been ob- 
served in this laboratory in patients with cirrhosis 
uncomplicated by anemia. However, the ap- 
pearance in a patient with chronic liver disease of 
a hemoglobin of less than 5 gm. per cent or of a 
mean corpuscular volume of more than 130 ,»® 
should alert one to the possibility of superimposed 
folic acid deficiency. The presence of abnor- 
mally large granulocytes in the peripheral blood 
showing peculiarities of nuclear chromatin, par- 
ticularly in the presence of leukopenia, or in the 
presence of low reticulocyte levels, is also sug- 
gestive of folic acid deficiency. Coincidental Vi- 
tamin B,, deficiency is, of course, possible al- 
though it was not observed in this series. In 
those patients with no nutritional component to 
the anemia, the peripheral smear showed a char- 
acteristic association of macrocytosis with in- 
creased polychromatophils, target cells and, fre- 
quently, stippled cells. 

In the bone marrows of several of the 16 patients 
with uncomplicated anemia of liver disease, par- 
ticularly of those with the lowest hemoglobin levels 
(Table 1), there were small numbers of red cell 
precursors of various stages of maturity which 
were large and possessed abnormalities of nuclear 
chromatin and mitosis characteristic of so-called 
megaloblasts. The degree of morphologic change 
and the frequency of such abnormal red cell pre- 
cursors in these patients were not as marked as in 
the four patients demonstrated to have folic acid 
deficiency. Admittedly, the lesser severity of the 
anemia in the larger group may make such a mor- 
phologic distinction less meaningful. It is of in- 
terest, therefore, that in all the patients deficient 
in folic acid striking abnormalities of the granu- 
locyte series characteristic of Vitamin B,, de- 
ficiency or of folic acid deficiency were evident. 
These abnormalities were not present in the other 
patients. 

There was no evident correlation between the 
duration of the illness and the degree of anemia 
or of liver damage, or between the severity of the 
anemia and the clinical outcome. The tendency 
of the anemia to remit spontaneously during or 
following the appearance of signs of improved liver 
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function in association with a persistent reticulo- 
cytosis was characteristic, although an elevated 
reticulocyte level was by no means a harbinger of 
clinical recovery. 

The development of a reticulocyte peak on an 
average seven days after admission in five pa- 
tients who on admission had ceased their alcoholic 
intake and who were given diets low or lacking 
in known hemopoietic factors (Figure 1) sug- 
gests that cessation of alcoholic intake is followed 
by increased erythropoietic activity. This inter- 
pretation is supported by the presence of initially 
elevated and thereafter declining daily reticulocyte 
values in three patients who had ceased drinking 
one or two weeks before admission. Conceivably, 
the appearance of a reticulocyte rise on cessation 
of alcoholic intake represents a release of the mar- 
row either from a direct toxic suppression or from 
an indirect toxic action as a consequence of injury 
to the liver. The fact that in patients M. L. and 
M. D. reticulocyte levels remained elevated and 
hemoglobin production remained moderately high 
concurrently with evidence of increased liver dam- 
age eventuating in hepatic coma, indicates that 
actively progressing hepatic failure does not nec- 
essarily suppress hemoglobin production; rather 
it favors the possibility of a direct suppression of 
the marrow by alcohol. It is interesting to note 
that in one of two series of 11 rats rendered anemic 
and cirrhotic by carbon tetrachloride inhalation 
(8), a reticulocyte rise occurred which reached a 
maximum about five days after cessation of the 
toxic exposure. 

The evidence presented in Figures 3 and 4 in- 
dicates that an increased rate of red cell destruc- 
tion is present in patients with cirrhosis who have 
subnormal hemoglobin levels, and that the rate of 
red cell destruction correlates with the degree of 
anemia. This hemolytic process was associated 
with the triad of findings characteristic of hemo- 
lytic anemias: Persistently elevated reticulocyte 
levels ; an increased concentration of red cell pre- 
cursors in the marrow; and heightened urobili- 
nogen excretion. A hemolytic process such as 
this, which affects the survival of normal red cells 
as determined by the Ashby method, is extracor- 
puscular by definition. This does not exclude an 
additional primary corpuscular defect which would 
not be distinguishable from an acquired and ir- 
reversible corpuscular defect even if transfusion 
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studies of patients’ cells in normal subjects were 
to show shortened survival. The consistently ex- 
ponential character of the survival curves of nor- 
mal red cells in these patients is characteristic of 
most extracorpuscular hemolytic processes and 
has classically been attributed to indiscriminate 
or random red cell destruction. The cumula- 
tive effect of a diffuse toxic or unfavorable en- 
vironment would be characterized by survival 
curves of normal transfused red cells of a sig- 
moidal character indicating a period of maximal 
rate of destruction. One can reason, therefore, 
that survival curves such as these that approach 
the exponential form are the result of a continuous 
fractional removal of red cells by a process which 
is intensive and localized rather than by a process 
which is diffuse. Such a mechanism might be 
limited spatially as by organ sequestration or 
stoichiometrically as by the continuous production 
of a rapidly acting hemolysin in amounts suffi- 
cient only to destroy a limited number of cells. 
Conceivably, of course, a diffuse circulating fac- 
tor such as an agglutinin might well predispose to 
ultimate destruction on a random but local basis. 
In the absence of any demonstrable circulating ag- 
glutinin or hemolysin, the presence of survival 
curves approaching an exponential character in 
the anemia of cirrhosis suggests the possibility of 
a local site of random destruction; pathologically 
the liver and the spleen are the organs most sus- 
pect in this disease. Current studies in this lab- 
oratory indicate that following transfusion with 
Cr**-tagged autogenous red cells into patients 
with cirrhosis, there is a heavy concentration of 
radioactivity in the spleen, and abnormally little 
activity in the liver. This is in contrast to the 
distribution of Cr** following the injection of Cr*?- 
tagged hemoglobin solutions, and suggests that 
the spleen is the major site of red cell destruction 
in patients with cirrhosis and anemia. The cor- 
relation present between the rate of red cell de- 
truction and a maintained degree of anemia im- 
plies that the production of hemoglobin by the 
marrow is proportional to the degree of anoxia 
and approaches a maximum as anoxic stimulation 
increases, rather than reaching a maximum be- 
yond which anemia commences, as has been im- 
plied by Crosby and Akeroyd (43). 

In no instance in this series did the anemia 
progress while the patient was in the hospital. 
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From red cell survival studies, it was calculated 
that the maximum daily rate of hemoglobin pro- 
duction in these 20 patients on entry was about 
three times the normal rate. Since the hemo- 
globin levels improved in patient D. L. without 
a reduction in the rate of hemolysis, an improved 
rate of production may largely account for this 
spontaneous recovery. This may, as noted, be 
due in part to an improved marrow response on 
withdrawal of alcohol. Furthermore, it seems 
likely that patients on an inadequate or marginal 
diet may develop nutritional deficiencies more 
rapidly in the presence of accelerated red cell 
turnover, and that such deficiencies, as in the four 
patients described, may become the limiting fac- 
tor in hematopoiesis. 

The failure of cortisone to improve the red cell 
survival in patients J. B. and D. L., and in A. J., 
who developed an unusual immune. process re- 
sulting in strikingly short survival of the cells of 
certain donors without in vitro evidence of in- 
compatibility during the course of her first and 
subsequent transfusions, is of interest since re- 
cent evidence has suggested a non-specific inhibi- 


tory influence of adrenocortical hormones upon 


red cell removal from tissues (44, 45). Since all 
three patients manifested physical signs of exces- 
sive adrenocortical effect while on therapy, and 
since equal and smaller doses of cortisone have 
been reported to retard the dispersion of intra- 
dermally injected red cells (46), it is unlikely that 
either inefficient conversion of the cortisone to a 
physiologic substance or inadequate dosage ex- 
plains the absence of effect of cortisone upon red 
cell survival in these patients. In contrast to a 
report (47) suggesting a stimulating effect of 
ACTH on red cell production in patients with 
cirrhosis, there was no indication that cortisone 
produced an erythropoietic response in the pa- 
tients in this series, 

The “osmotic fragility” of a red cell is in es- 
sence a measure of the difference between its 
(isotonic) volume in the blood and its volume as a 
sphere of equal surface at the moment of rupture 
in hypotonic saline (48). The amounts of he- 


6 Hemoglobin production was calculated by means of 
a simplified planimetric method which is applicable to 
nonhomeostatic states, and in which hemoglobin turn- 
over is derived from red cell survival and blood volume 
data. 
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moglobin released from equal aliquots of red cells 
in a graded series of hypotonic solutions of so- 
dium chloride may be charted as shown in Figure 
2, which displays results on patient H. S. typical 
of the group. For normal red cells a sigmoid 
curve is produced. The osmotic fragility curve 
of the red cells of these patients was essentially 
similar or else was shifted in its upper portion 
slightly to the right of the osmotic fragility curve 
of normal red cells. After incubation, of the pa- 
tient’s red cells, however, this shift to the right 
became more pronounced so that the upper part of 
the osmotic fragility curve of the incubated red 
cells actually lay to the right of the curve of the 
unincubated red cells. This phenomenon occurs 
in several types of anemia. It indicates that a 
portion of the patient’s more resistant red cells 
have lost osmotically active material during incu- 
bation, presumably as a result of a breakdown of 
the ability of the red cell membrane to maintain a 
normal gradient between intracellular and extra- 
cellular substances. Further evidence of such 
damage to the cell membrane was indicated by an 
abnormally great increase, upon incubation, of 
the mechanical fragility of the patients’ red cells 
(23). 

The possibility that the abnormalities in osmotic 
fragility appearing on incubation were acquired 
defects was explored by transfusing Cr**-tagged 
normal red cells into patient M. D., and thereafter 
repeatedly determining their osmotic fragility af- 
ter 24 hours’ incubation. Counts of the Cr** ac- 
tivity of the supernatant solutions of each osmotic 
fragility test indicated that the transfused normal 
red cells became progressively less osmotically re- 
sistant as these red cells were cleared from the 
patient’s circulation. This shift was symmetrical, 
with no evidence of cell membrane damage as de- 
fined above. This single series of observations 
suggests that the hemolytic process in cirrhosis 
may be associated with spherocyte formation. 

In contrast to patients with obstructive jaundice 
and infectious hepatitis (18, 19), no evidence of 
diffuse red cell “flattening” was found in patients 
with cirrhosis as determined either by direct 
measurement of red cell volume and diameter and 
calculation of thickness, or by increase in osmotic 
resistance of the entire cell population of samples 
of unincubated blood. However, as noted, small 
numbers of target cells were commonly present 
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and a small portion (about 15 per cent) of the 
unincubated red cells showed increased resistance 
to osmotic lysis. Thus the factor in patients with 
hepatitis and obstructive jaundice that is capable 
of “flattening” normal red cells in vivo (17) is 
presumably not operative in producing the anemia 
of liver disease. The lack of correlation between 
the degree of anemia and the fragility changes de- 
scribed suggests that these characteristics are not 
basic to the excessive red cell destruction. 

Efforts to demonstrate spectroscopic and elec- 
trophoretic abnormalities of the hemoglobin of 
these patients were unsuccessful. It would be of 
interest, therefore, to explore further the obser- 
vation by Keys and Snell (49) that abnormal oxy- 
gen dissociation curves occurred in several patients 
with chronic liver disease. 

The finding in these patients of reduced serum 
iron-binding capacities, in association with gen- 
erally increased hemosiderin deposits in the mar- 
row and liver resembles, although to a less marked 
degree, previous observations made upon patients 
with the anemia of infection (50, 51). Although 
the amount of hemosiderin in the liver parenchyma 


of several patients was considerable, the presence 
of normal to low serum iron concentrations and 
iron-binding capacities and the absence of hemo- 
fuscin in the liver differentiate this situation clearly 
from early hemochromatosis. 


SUMMARY 


Studies of 20 cirrhotic patients with anemia not 
caused by blood loss indicate that an extracorpus- 
cular hemolytic process was present which was 
proportional in severity to the degree of anemia. 
The mechanism of this hemolysis appears to 
have consisted in local destruction of red cells, 
probably through their sequestration in the spleen. 
Hemoglobin production, despite persistence of 
the anemia, did not generally exceed two or three 
times the normal rate, which suggests a diminished 
sensitivity to anoxia. This insufficient capacity to 
produce hemoglobin may have been impaired 
further by the ingestion of alcohol. Improvement 
in hemoglobin levels, at least initially, may be 
largely a result of increased production rather 
than of a decrease in the rate of destruction. In 
four patients, folic acid deficiency was the factor 
limiting hematopoiesis. 
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ERRATUM 
In the article “Metabolic Effects of Marked Sodium Re- 
striction in Hypertensive Patients: Changes in Total Exchange- 
able Sodium and Potassium’’ by L. K. Dahl, B. G. Stall, III, 
and G. C. Cotzias, J. Clin. Invest., 1954, 33, 1397, under ‘Statis- 
tical analyses of significance’ on page 1399, column 2, the formula 


o? = Vo;? + of --- should read o¢ = Vor + o2 +++.” 


ERRATUM 


The following changes should be made in the paper “‘Quanti- 
tative Aspects of Iodine Metabolism”’ by S. A. Berson and R. S. 


Yalow, J. Clin. Invest., 1954, 33, 1533. With exception of equa- 
tions 7 and 8 which are correct as they stand, \; and Az have 
been inadvertently transposed throughout the remainder of the 
appendix beginning with equation 5, page 1552. Thus A, should 
read A» and 2 should read A. 





THE INFLUENCE OF IONIZING RADIATION ON THE BODY 
FLUID COMPARTMENTS OF PATIENTS WITH 
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The effects of ionizing radiation have been stud- 
ied in isolated cells suspended in various nutrient 
media as well as in intact animals. Alterations of 
varying degree—up to death—have been ob- 
served depending on the dose administered and 
the radio-sensitivity of the tissue exposed. Sev- 
eral mechanisms have been invoked and many 
substances have been implicated, but to date there 
still remain large gaps in our understanding of 
the nature of radiation injury. 

Many of the changes occurring in radiation in- 
jury involve the fluid components of the body. 
Thus, necropsy examination of the Japanese who 
died from exposure to the ionizing radiation of the 
atomic bomb revealed edema of many organs (1). 
The most radio-sensitive tissues of the individual 


such as the lymphoid and hematopoietic tissues 


are highly fluid (2). Many of the symptoms of 
radiation sickness such as nausea, vomiting, diar- 
rhea, shock, etc., are associated with changes in 
hydration. 

The available literature contains several stud- 
ies on the water content of organs and on the wa- 
ter balance of animals following exposure to ioniz- 
ing radiation (2-10). There are also a few re- 
ports on the effects of total body x-radiation on 
some of the body fluid compartments of animals 
(3, 5, 10, 11). In these latter studies several of 
the workers found increases in the plasma and ex- 
tracellular fluid volumes of their animals following 
exposure to ionizing radiation. However, most 
of these studies were “acute animal studies” em- 
ploying radiation doses which resulted in the death 


1 Presented to American Physiological Society, At- 
lantic City, N. J., April 16, 1954. 

2 Supported in part by grants from the Damon Runyon 
Memorial Fund, and the Edward S. Abelson Memorial 
Fund. 

8 Trainee, National Cancer Institute. 

4Present address: Radioisotope Laboratory, United 
States Naval Hospital, St. Albans, Long Island, New 
York. 
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of the animal. Furthermore, very few of the 
measurements were performed simultaneously, 
or repeated serially in the same animal. Addi- 
tional difficulties in interpretation result from the 
techniques employed in many of these studies, 
such as the use of thiocyanate ion to measure the 
extracellular fluid volume, and the dye methods to 
ascertain the plasma volume. Moreover, to our 
knowledge, there are no reports in the literature 
on the effects of ionizing radiation on the body 
fluid compartments of human subjects. 

It seemed of interest, therefore, to investigate 
the effects of ionizing radiation on the body fluid 
compartments of patients receiving radiotherapy 
for malignant tumors. The determinations were 
carried out simultaneously and repeated serially 
in each individual, using deuterium oxide (D,O) 
to measure the total body water, inulin and/or 
thiosulfate to measure the extracellular fluid vol- 
ume, and I**!-tagged human serum albumin 
(1.H.S.A.) to measure the plasma volume. 


PROCEDURE 


Four patients with malignant lymphoma were studied 
on the metabolic research ward for 60 to 126 days. The 
study was divided into a control, radiation, and post- 
radiation phase. The control phase lasted a minimum of 
four metabolic periods 5; the treatment phase was three 
to four periods in duration and the patients were then 
observed for two to three additional metabolic periods 
following the completion of radiotherapy. 

During the entire study the dietary offerings were 
kept constant. Two of the patients (C. M. and G. E.) 
were maintained on a “normal” diet. This contained a 
daily average of 1830 calories (64 grams protein, 62 
grams fat, and 254 grams carbohydrate). The other two 
patients (I. T. and S. C.) received a diet adequate in 
calories, but low in proteins and deficient in B-vitamins 
and certain minerals in an attempt to gauge what role 
the nutritional status may have upon radiation sensi- 
tivity. This latter diet was essentially a Kempner rice 
diet (12) modified only by avoiding those fruits which 


5 A metabolic period consists of six days. 
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had a high B-vitamin content and giving no vitamin and 
iron supplement. The daily allotment contained 2550 
calories (26 grams protein, 2 grams fat, and 608 grams 
carbohydrate). 

Serial simultaneous determinations of various body 
constituents including the body fluid compartments were 
performed before, during and after exposure to ionizing 
radiation. Nitrogen, phosphorus, calcium, potassium, so- 
dium, and water balances were measured throughout the 
entire study. Urinary uric acid and creatinine deter- 
minations were performed daily. Clinical and labora- 
tory data including roentgenograms, obtained at fre- 
quent intervals, supplemented the study. 

Since in each of the four patients the metabolic bal- 
ances, the urinary uric acid and creatinine excretions 
as well as the various blood constituents remained es- 
sentially constant, at least in the last two periods of the 
control phase, it seems justified to assume that by that 
time all the patients had achieved a “steady metabolic 
state.” The values for the body fluid compartments ob- 
tained during these last two control periods served as the 
baseline for the values obtained during the radiotherapy 
and post-radiation phases (cf. Tables I and II). 

Radiotherapy was given in the form of total body 
x-radiation to three of the patients (C. M., G. E., and 
S. C.), each receiving four exposures during the course 
of the three metabolic periods immediately following the 
control phase. The radiation was delivered from a 
Picker X-ray machine held at 200 kv, 25 ma, 1.6 mm. 
Cu hvl, with 1.0 Cu and 4.0 Al filtration, distance 150 cm. 
The skin dose to the patient’s supine body was approxi- 
mately 5r per minute for a total exposure of 10 to 25r per 
dose. The initial dose was given in the first part of radi- 
ation period 1, the second dose in the first part of radia- 
tion period 2, the third dose at the beginning and the 
final dose toward the end of radiation period 3. The first 
and third doses were administered to the anterior sur- 
faces, the second and fourth doses to the posterior sur- 
faces of the supine body. One patient (C. M.) received 
10r on the first exposure, and 15r with each of the other 
three exposures, for a total of 25r anteriorly and 30r 
posteriorly. The other two patients (G. E. and S. C.) re- 
ceived 25r with each exposure for a total of 50r anteriorly 
and 50r posteriorly. Immediately after each exposure 
the patients were returned to their rooza in the metabolic 
ward. 

The fourth patient (I. T.) received local radiation dur- 
ing the course of four metabolic periods via the Cobalt” 
teletherapy unit, at a source skin distance of 80 cm. with 
0 angulation of beam head, and with an air dose of 30.5r 
per min. Except on Sundays, when no treatment was 
given, the patient received an exposure of 6.3 minutes 
each morning at 7:30 a.m. to each of two 13 by 15 cm. 
fields, viz., left upper chest anteriorly and left upper 
chest posteriorly. The only modification was that on 
experimental days the radiation treatment was given in 
the afternoon, after conclusion of the experiment. A 
total of 18 such radiation treatments were given. The 
daily tumor dose from each field was 117r and the total 
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tumor dose delivered was 4212r. Immediately after the 
completion of each exposure the patient was returned 
to his room in the metabolic ward. 

After the post-radiation phase was completed the pa- 
tients were discharged from the metabolic ward. Those 
patients who were maintained on the “restricted” diet 
were then re-studied 35 to 39 days after being placed on 
a diet comparable to the “normal” diet given on the 
metabolic ward (cf. Table II). 


MATERIALS AND METHODS 


The volume distribution studies were performed in the 
resting post-absorptive state with no sedation and the 
subjects recumbent. A multi-eyed urethral catheter was 
passed into the bladder for urine collections. Blood sam- 
ples were obtained without stasis through an indwelling 
needle (Cournand) placed in the femoral artery. The 
blood was permitted to clot when the samples were to 
be analyzed for thiosulfate and D,O. Liquaemin® (Hof- 
fman-LaRoche), 0.1 ml. per 10 ml. of whole blood, was 
used as an anticoagulant in specimens drawn for inulin 
and I.H.S.A. determinations. 

The heavy water space was measured as the two-hour 
volume of distribution of intravenously injected deuterium 
oxide. The D,O was rendered isotonic with glucose 
before injection. Sufficient deuterium oxide was in- 
jected from a calibrated syringe to provide an equilibrium 
concentration of approximately 0.25 ml. per 100 ml. of 
body water. The deuterium oxide content of serum 
water was determined by the falling drop method (13, 
14). In all cases serial determinations of the serum D,O 
concentration indicated that equilibrium had been at- 
tained within two hours. 

The volume of distribution of inulin was measured by 
the constant infusion technique as described by Schwartz 
and his co-workers (15, 16). A priming injection of 
inulin was followed by a constant sustaining infusion 
for 14 to 20 hours. Assuming a volume of distribution of 
17 per cent of body weight, the prime was calculated 
to yield a plasma concentration of 20 to 40 mg. per cent. 
The concentration of sustaining infusion was calculated 
on an assumed filtration rate. All inulin solutions were 
made up in sterile pyrogen-free 5 per cent dextrose in 
distilled water. Constancy of the infusion rate was main- 
tained with a Bowman constant infusion pump, calibration 
of which in successive 15, 30, and 60-minute periods re- 
vealed variation of less than 1 per cent in the volume flow 
per minute. Shortly before stopping the infusion a final 
blood sample was drawn. The bladder was washed well 
with distilled water and air through the multi-eyed 
catheter. At completion of the “wash-out” the infusion 
was discontinued and the urine was collected until all 
the inulin had been excreted. By 24 hours urinary re- 
covery of inulin was at least 98 per cent in every case. 


6 Sterile, pyrogen-free deuterium oxide with a concen- 
tration of 99.8 per cent D.O was obtained from the Ra- 
dioactive Pharmaceuticals Department of Abbott Labora- 
tories. 
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The volume of distribution of inulin was calculated as the 
quantity of inulin recovered in the urine divided by the 
equilibrium concentration of inulin in plasma water. 
Inulin analyses were performed by Harrison’s modifica- 
tion (17) of the method of Alving, Rubin, and Miller 
(18). Since constancy of plasma inulin concentration 
was always obtained and since the rate of inulin excretion 
was equal to the constant rate of infusion in every case 
by the time the sustaining infusion was discontinued, it 
is probable that equilibrium distribution of inulin was 
achieved in each study. 

The thiosulfate space was determined as follows: Ten 
to thirteen grams of sodium thiosulfate™ (as a 10 to 13 
per cent solution) were given intravenously during a 10 
to 12-minute period from a syringe which had been cali- 
brated at 20° C, with mercury or water at arbitrary 
marks. A minimum of four blood samples, evenly spaced 
over 20 to 70 minutes after the start of the infusion, 


7 The sodium thiosulfate (Sulfactol®) used in these 
studies was generously supplied by Vincent P. Carr of 
Winthrop-Stearns, Inc. 
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were drawn. Serum thiosulfate concentrations were 
plotted semilogarithmically against the mid-time of sam- 
ple collection, and the equilibrium concentration was ob- 
tained by extrapolation to the time of commencement of 
infusion. The extrapolated concentration was divided 
into the dose injected to obtain the volume of distribu- 
tion (19). Thiosulfate analyses were performed by the 
indirect iodometric macro-method of Newman, Gilman, 
and Philips in which 1 ml. of 0.01N thiosulfate equals 8 
ml. of 0.01N iodate (20). 

In the patients maintained on the “normal” diet the 
extracellular fluid space was determined simultaneously 
with inulin and thiosulfate in every instance. In the pa- 
tients on the “restricted” diet the extracellular fluid space 
was determined by the inulin technique alone, except in 
the very last study (#.e., after having been replaced on 
the “normal” diet) when thiosulfate was used. 
instance where the volumes of distribution of inulin and 
of thiosulfate were simultaneously determined there was 
satisfactory experimental agreement (less than 2 per 
cent variation), indicating that inulin and thiosulfate ap- 
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IONIZING RADIATION AND BODY FLUID COMPARTMENTS 


pear to have the same volume of distribution in these 
patients. 

The I™-tagged human serum albumin space was deter- 
mined by injecting intravenously a tracer dose (approxi- 
mately 50 we) of I.H.S.A.8 from a calibrated syringe 
and measuring the dilution of activity which resulted in 
the specimen of plasma drawn 10 minutes after the time 
of injection. The I.H.S.A. content of plasma was de- 
termined by diluting 5 ml. of plasma to 100 ml. with 
isotonic saline in a Marinelli beaker which was then 
placed around a gamma-sensitive bismuth cathode tube. 
The activity of the sample was compared with that of 
a standard suitably prepared in duplicate at the time 
of administration of the I.H.S.A. to the patient. Ura- 
nium standards were used to verify the stability of the 
counting equipment throughout the investigation. In 
all cases serial determinations of the plasma I™-activity 
indicated that equilibrium had been attained by 10 
minutes. 

The intracellular fluid volume was calculated as the dif- 
ference between the simultaneous volumes of distribution 
of heavy water and inulin or thiosulfate. The interstitial 
fluid volume was calculated as the difference between the 
simultaneous volumes of distribution of inulin and/or 
thiosulfate and I.H.S.A. 

These methods of determining the body fluid com- 
partments gave values which were reproducible within 
3 per cent in the same individual under constant condi- 
tions. 

The order of administration of the various materials 
was as follows: The constant infusion of inulin was be- 
gun at 6 p.m. of the night preceding the study. On the 
morning of the study the plasma volume was determined, 
then the thiosulfate and deuterium oxide were injected 
and at the appropriate times blood samples removed for 
the determination of their volumes of distribution. After 
this the inulin constant infusion was terminated and the 
urine collected for inulin. 


RESULTS 
“Normal” diet 


The pertinent experimental data are presented 
in Table I and Figure 1. 

Control phase. During this phase the volumes 
of distribution of deuterium oxide and inulin and/ 
or thiosulfate were within the limits accepted as 
normal in both patients. The I.H.S.A. space was 
within the normal range in patient G. E. (2.94 L. 
or 1.79 L. per M?), but in C. M. it was somewhat 
contractud (2.65 L. or 1.51 L. per M?). 


8 The I™-tagged human serum albumin was obtained 
from the Radioactive Pharmaceuticals Department of 
Abbott Laboratories. All lots were dialyzed in the cold 
against frequently changed normal saline solutions for 
48 to 72 hours, so that all solutions of I.H.S.A. injected 
into the patients contained less than 1 per cent free I™. 
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Radiation phase. The heavy water space did 
not show any striking changes under the influence 
of radiation, the maximum change being an in- 
crease of 0.8 L. in G. E. The extracellular fluid 
volume, however, was significantly expanded in 
both patients (0.7 L. in C. M.; 1.7 L. in G. E.). 
This expansion was at the expense of the intra- 
cellular compartment which was concomitantly 
reduced by 0.7 L. in C. M. and by 0.9 L. in G. E. 
The interstitial fluid and plasma volumes in- 
creased during this phase in both patients, the ex- 
pansion being proportional to the increase in the 
extracellular fluid volume. Thus, the ratio of the 
plasma volume to the extracellular fluid volume 
remained constant in both patients (0.24 in C. M.; 
0.27 in G. E.). 

Post-radiation phase. Re-study of the fluid 
compartments 21 days after the last dose of total 
body x-radiation had been given showed that by 
that time there was essentially complete restora- 
tion of the various spaces to control levels in both 
patients. 


“Deficient” diet 


The pertinent experimental data are presented 
in Table II and Figure 2. 

Control phase. Here, as in the patients receiv- 
ing a “normal” diet the total body water and 
extracellular fluid volumes were within normal 


limits. The plasma volume was moderately con- 
tracted (I.H.S.A. space of 2.23 L. or 1.36 L. per 
M? in I. T. and 2.49 L. or 1.60 L. per M? in S. C.). 

Radiation phase. In sharp contrast to the pa- 
tients receiving a “normal” diet, both patients 
on the “restricted” diet showed a significant de- 
crease in their total body water (2.4 L. in I. T. 
and 4.0 L. in S.C.). At the same time there was 
an even larger expansion of the extracellular fluid 
than in the patients who were maintained on the 
“normal” diet (2.0 L. in I. T. and 2.3 L. in S. C.). 
The resulting reduction in the intracellular fluid 
volume was therefore considerable (4.4 L. in I. T. 
and 6.3 L. in S. C.). The interstitial fluid and 
plasma volumes increased as in the patients re- 
ceiving the “normal” diet. This expansion was 
likewise directly proportional to the increase in 
the extracellular fluid volume. 

Post-radiation phase. The body fluid com- 
partments were re-measured 13 days (I. T.) and 
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IONIZING RADIATION AND BODY FLUID COMPARTMENTS 


EFFECTS OF /OMZING RADIATION 
Restricted Diet 


Body Fluid Compartments (Liters) 





17 days (S. C.) after the conclusion of radiation. 
As in the patients on “normal” diet here too there 
was a return of the plasma, interstitial, and extra- 
cellular fluid volumes to control levels. Most of 
the water leaving the extracellular fluid returned 
to the cells (1.6 L. out of a possible 1.8 L. in I. T., 
and 1.5 L. out of a possible 2.2 L. in S. C.). De- 
spite this, and in sharp contrast to the patients on 
the “normal” diet, the total body water, and hence 
the intracellular fluid volume of the patients on 
the “restricted” diet remained markedly reduced 
as compared to the control values. 


Re-study of patients S. C. and I. T. 35 and 39 
days, respectively, after being replaced on a 
“normal” diet 


Both patients showed an expansion of all the 
body fluid spaces as compared to the last post- 
radiation study (cf. Table II and Figure 2). 
These changes are similar to those obtained by 
other workers in patients returning from a Kemp- 
ner regimen to a “normal” diet (21, 22). The 


Fluid 


Extro- 
cellular 
Fluid 


plasma volume, interstitial fluid volume, and hence 
the extracellular fluid volume increased above the 
levels found in the initial (control) study. In 
both patients the plasma volume expanded some- 
what more than did the interstitial fluid volume so 
that the ratio of plasma volume to extracellular 
fluid volume increased slightly. There was also 
expansion of the intracellular fluid volume and 
total body water which, while significant, did not 
raise these spaces to the levels found in the con- 
trol study. 
DISCUSSION 


Changes in the extracellular fluid and plasma 
volumes, similar to those reported here for man 
have been previously described in animals ex- 
posed to ionizing radiation. Thus, Prosser, 
Painter, and Swift found an increase in extra- 
cellular fluid as measured by the thiocyanate 
space and an expanded plasma volume (T-1824 
space) in dogs given lethal and near-lethal doses 
of total body x-radiation (5). Soberman, Keat- 
ing, and Maxwell, using the P*?-tagged red cell 
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technique, observed an increase in the plasma vol- 
umes of all their dogs given 450 to 500r total body 
x-radiation (10). Ferrell, Turner, and Overman 
reported an expansion of the plasma volumes 
(T-1824 space) of monkeys given total body 
x-radiation both in their 24 and 48-hour studies 
and at both the 400 and 500r dose levels (11). 
France found increases in plasma volume (T-1824 
space) and extracellular fluid volume (thiocyanate 
space) and a decrease in intracellular fluid vol- 
ume following the administration of near lethal 
doses of total body x-radiation to rats and mice 
(3). As previously pointed out, the lack of si- 
multaneous or serial determinations and the use 
of techniques such as the thiocyanate method to 
measure the extracellular fluid volume present 
considerable difficulty in the interpretation of 
many of these animal experiments. Therefore, 
in the studies here described all determinations 
were carried out simultaneously, and were re- 
peated serially at given intervals. Furthermore, 


the reliability of the substances used in this study 
to measure the various fluid compartments, viz., 
deuterium oxide, inulin and I***-tagged human 
serum albumin has been confirmed by many work- 


ers (13, 15, 16, 23-29). The use of the volume 
of distribution of the thiosulfate ion as a measure 
of extracellular fluid volume has been suggested by 
Cardoza and Edelman (19) and in the present 
study there was excellent experimental agreement 
between the thiosulfate and inulin spaces when- 
ever these two measurements were carried out 
simultaneously. 

The radiation-induced expansion of the volumes 
of distribution of inulin and thiosulfate observed 
in these patients was probably due to a true in- 
crease in the extracellular fluid volume rather than 
to an increase in permeability of the cell membrane 
to, or changes in the metabolism of, these sub- 
stances. Thus, inulin and thiosulfate, despite very 
significant differences in molecular size, configura- 
tion, charge and metabolic fate, exhibited the 
same volume of distribution whenever their spaces 
were simultaneously determined. Likewise, the 
expansion in the albumin space observed following 
radiation was also probably a true increase in the 
plasma volume and not the result of increased 
permeability of the capillaries to albumin. Thus, 
multiple serial samples of plasma obtained between 
10 and 15 minutes revealed no significant differ- 
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ence in activity during the radiation phase as well 
as in the control and post-radiation phases. Fur- 
thermore, the ratio of the plasma volume to the 
extracellular fluid volume remained constant 
throughout. This constancy of the ratio could be 
achieved if there occurred a proportionate increase 
in capillary permeability for albumin and cell mem- 
brane permeability for both inulin and thiosulfate. 
This, however, is quite unlikely if due only to the 
large differences in the sizes of these molecules. 
A much more tenable hypothesis to explain the 
constancy of the ratio of the plasma volume to the 
extracellular fluid volume is that the water which 
leaves the cells as the result of the radiation in- 
jury then distributes itself equally throughout all 
parts of the extracellular fluid. Since the capil- 
lary membrane is not a barrier for water one 
could readily accept this thesis which then as- 
sumes that the extracellular fluid acts as a one 
compartment system with regard to a substance 
like water. 

The changes which were observed in the fluid 
compartments of the patient who received Jocal 
radiotherapy were similar to those seen in the pa- 
tients who were given total body radiation. This 
suggests that ionizing radiation to any tissue area 
may result in the release into the circulation of 
substances like histamine which may then di- 
rectly cause generalized cellular injury.  Alter- 
nately, there are many investigators who believe 
that various forms of stress, such as radiation, 
cause the elaboration of substances like histamine 
in the organism and that these in turn initiate a 
secondary response of the pituitary-adrenal axis. 
Indeed, France has pointed out that “many of 
the changes in water metabolism and in other body 
functions that follow irradiation, especially in large 
doses, appear to parallel those that occur after 
administration of large amounts of desoxycorti- 
costerone acetate or other adrenal hormones to 
normal animals” (3). Patt, Swift, Tyree, and 
John have noted that radiated animals show defi- 
nite adrenal cortical hypertrophy (30). In 1942, 
Leblond and Segal radiated distal portions of 
animals, carefully shielding the rest of the body 
and found thymus atrophy, lymphopenia, and 
fatty livers. If the pituitary or adrenals were 
removed, no such changes were observed (31). 
Similar results were obtained by Dougherty and 
White in 1946 (32). These data strongly sup- 
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port the thesis that radiation imposes a stress upon 
the organism which initiates the “adaptation syn- 
drome” with consequent increased activity of the 
pituitary-adrenal axis. 

All the patients in this study manifested an ex- 
pansion of the extracellular fluid volume at the ex- 
pense of the intracellular compartment following 
exposure to ionizing radiation. It seems likely, 
therefore, that following exposure to ionizing radi- 
ation there occurred a cellular injury leading to a 
loss of intracellular constituents including water. 
This resulted in an expansion of the extracellular 
fluid volume including the plasma. This shift 
may be reversible following the cessation of the 
radiation. Thus, in the post-radiation phase the 
patients maintained on “normal” diet had a re- 
turn of their various fluid compartments to pre- 
radiation levels. 

However, if the radiation dose is too large 
or the cell very radio-sensitive, irreversible cell 
destruction may occur resulting in the permanent 
escape of the intracellular constituents (water, ni- 
trogen, phosphorus, potassium, etc.) to the extra- 
cellular environment and/or to the external world, 


with the appearance of the end products of tissue 


catabolism in the excreta. Thus, in this study, 
patient C. M. who received the least radiation 
also showed the smallest changes in his body fluid 
compartments as well as the smallest clinical and 
metabolic response. Furthermore, both patients 
maintained on the “restricted” diet showed a very 
marked clinical and catabolic response to the ioniz- 
ing radiation. They showed striking regression of 
their lesions and marked negativity in their ni- 
trogen, phosphorus, and potassium balances as 
well as marked increases in uric acid excretion 
(33). They also showed a very significant re- 
duction in lean body mass (34), and heavy water 
space, with marked contraction of the intracellular 
fluid volume. Following cessation of the radia- 
tion most of the water which left the extracellular 
fluid returned to the cells. Despite this, however, 
and in contrast to the patients on the “normal” 
diet, the total body water and hence the intracel- 
lular fluid volume remained markedly reduced as 
compared to the control levels. These differences 
in the response to radiation could mean that the 
“restricted” diet may have in some way made the 
tissues more radiosensitive, resulting in an en- 
hancement of the radiation effects. 


SUMMARY 


The effects of ionizing radiation were studied 
in four patients with maligant lymphomas under 
controlled metabolic conditions. Throughout the 
entire study two of the patients were maintained 
on a “normal” diet; two received a diet adequate 
in calories, low in protein and deficient in B-vita- 
mins and certain minerals (modified Kempner rice 
diet). Serial simultaneous determinations of the 
body fluid compartments were performed in con- 
junction with other studies such as measurements 
of the metabolic balances. 

During the control phase, except for a moderate 
plasma volume contraction observed in some of 
the patients, the fluid compartments were within 
normal limits. Ionizing radiation caused ex- 
pansion of the extracellular fluid and plasma vol- 
umes at the expense of the intracellular compart- 
ment in all cases. The reduction in intracellular 
volume was much more marked in the patients 
on the “restricted” diet. Furthermore, the total 
body water decreased significantly and remained 
reduced during the entire period of post-radiation 
observation (two to three weeks) in the patients 
on the “restricted” diet. The extracellular fluid 
and plasma volumes, however, returned to pre- 
radiation levels within this period in all cases. 
The implications of these findings and their cor- 
relation with possible mechanisms of radiation in- 
jury are discussed. 


APPENDIX 
Clinical Data 


1. C. M. (M. H. No. 60274), a 43-year-old male who 
complained of excessive fatigue and pallor for one month 
prior to admission. White blood count (W. B. C.) re- 
vealed 90,000 cells per mm*. with more than 75 per cent 
mature lymphocytes. Hemoglobin (Hgb.) was 10.5 
grams per 100 ml. Past history revealed nervousness, 
perspiration, and palpitation on exertion of 15 years’ 
duration. The patient was referred to this hospital for 
further evaluation. 

Physical examination. Temperature, 100° F., blood 
pressure, 158/88 mm. Hg, pulse rate, 100 per mir., regu- 
lar. There was moderate pallor. The liver extended 
down to 3 finger breadths below the right costal margin 
and the spleen down to 2 finger breadths below the left 
costal margin. There was no significant adenopathy. 

Laboratory findings. Hgb. 10.5 grams; red blood 
count (R. B. C.) 3.51 million per mm*., W. B. C. 56,000 
with 80 per cent mature lymphocytes; platelet count (di- 
rect method) 186,000 per mm’. Sternal marrow as- 
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piration showed 92 per cent lymphocytes in different 
stages of maturation. I™ uptake studies showed a 
borderline pattern between euthyroid and hyperthyroid 
levels. Blood chemistries, EKG, roentgenograms and 
other laboratory data were essentially normal. 

Course. The patients was given total body x-radiation 
as outlined in the section on procedure. There was no 
essential change in the hepatosplenomegaly. The tem- 
perature, however, became normal. The W. B. C. fell to 
27,000 with 72 per cent mature lymphocytes. R. B. C. 
was 3.72 million; Hgb. 11.0 grams; platelet count 262,000. 
Sternal bone marrow revealed 75 per cent lymphocytes 
in different stages of maturation, but with more mature 
forms than originally. The erythroid and megakaryocytic 
elements were somewhat more numerous than prior to 
radiotherapy. The patient was asymptomatic at this time. 

2. G. E. (M. H. No. 57022), a 63-year-old housewife 
with proven chronic lymphatic leukemia of at least 12 
years’ duration. Treatment during this period with blood 
transfusions, urethane, triethylene melamine, and radio- 
therapy (both local and total body x-radiation), gave 
varying degrees of response. The remainder of the his- 
tory was essentially unremarkable, and on the present 
admission her only complaint was “weakness.” 

Physical examination. Temperature, 100° F., Blood 
pressure, 112/74 mm. Hg, pulse rate, 90 per min., regu- 
lar. There was moderate pallor. The liver extended 
down to 2 finger breadths below the right costal margin, 
and the spleen down to 2 finger breadths below the left 
costal margin. There was generalized adenopathy (up 
to 2.0 cm. X 1.5 cm.). 

Laboratory findings. 


Hgb. 8.5 grams; R. B. C. 3.28 
million per mm*., W. B. C. 211,000 with 91 per cent 
lymphocytes and 4 per cent lymphoblasts; platelet count 


122,000 mm*. Sternal marrow aspiration revealed almost 
complete replacement by lymphocytes, some of which 
were early forms. E. K. G. showed left axis deviation. 
Blood chemistries, roentgenograms and other laboratory 
data were essentially normal. 

Course. The patient was given total body x-radiation 
as outlined in the section on procedure. There was only 
minimal decrease in the size of the nodes, liver, and 
spleen, and the patient continued to have daily tempera- 
ture elevations to 100° F. The W. B. C., however, was 
reduced to 31,000 of which 90 per cent were mature 
lymphocytes and the remainder normal cells of the granu- 
locytic series. R. B. C. fell to 1.87 million and Hgb. to 
4.5 grams. Platelet count 84,900. Sternal marrow re- 
vealed 85 per cent mature lymphocytes; there was some 
increase in the number of myeloid, megakaryocytic, and 
erythroid elements as compared to the preradiation speci- 
men, although all these elements were still markedly re- 
duced in number. The patient continued to complain of 
“weakness,” which was greatly improved following blood 
transfusion. 

3. S. C. (M. H. No. 57153), a 68-year-old housewife 
who developed generalized malaise 10 months prior to 
admission. Examination revealed hepatosplenomegaly, 
generalized adenopathy and a W. B. C. of 317,000 with 
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99 per cent mature lymphocytes. The remainder of the 
history was essentially negative except for moderate ex- 
ertional dyspnea for the past two years. The patient re- 
ceived blood transfusions and three courses of total 
body x-radiation. The hepatosplenomegaly and ade- 
nopathy were essentially unaffected but the white count 
was temporarily reduced after each course of radiation. 
Just prior to admission the patient developed a broncho- 
pneumonia which responded to antibiotics, but she com- 
plained of “feeling weak,” and was referred to the meta- 
bolic service. 

Physical examination. Temperature, 100° F., blood 
pressure, 172/88 mm. Hg, pulse rate, 90 per min., regu- 
lar. There was moderate pallor. The liver and spleen 
extended down to the right and left iliac crest, respec- 
tively. There was marked generalized adenopathy (up 
to 6.0 cm. by 6.0 cm.). 

Laboratory findings. Hgb. 8.5 grams; R. B. C. 3.10 
millions per mm*., W. B. C. 350,000 with 98 per cent 
mature lymphocytes; platelet count 143,000 per mm*. 
Sternal marrow aspiration revealed 95 per cent mature 
lymphocytes. E. K. G. showed left axis deviation. 
Chest plate revealed enlargement of the left ventricle 
and thickened pleura in the right mid-lung field. Blood 
chemistries and other laboratory data were essentially 
normal. 

Course. The patient was placed on the “restricted” 
diet and given total body x-radiation as outlined in the 
section on procedure. There was no essential change 
in the size of the liver or spleen. The adenopathy, how- 
ever, was very strikingly reduced and the temperature 
became normal. The W. B. C. fell to 12,000 of which 
95 per cent were mature lymphocytes. The R. B. C. 
dropped to 2.68 million and the Hgb. to 68 grams. 
Platelet count 128,000. The sternal marrow was similar 
to the pre-radiation specimen. The patient was asympto- 
matic at this time. 

4. I. T. (M. H. No. 60032), a 43-year-old male with a 
previously negative history who had a suspicious shadow 
in the left superior mediastinum on chest x-ray. Ex- 
ploratory thoracotomy revealed an inoperable reticulum 
cell sarcoma. During the next four months the patient 
received local x-ray therapy to the site of the lesion 
with considerable regression of the mass. However, 
there was massive recurrence two months thereafter. 

Physical examination. Temperature, 99° F., blood 
pressure, 120/70 mm. Hg, pulse rate, 90 per min., regu- 
lar. The trachea was shifted somewhat to the right, and 
there was left cervical and supraclavicular adenopathy, 
but the lungs appeared clear to percussion and ausculta- 
tion. There were no other abnormal masses. 

Laboratory findings. Essentially normal blood count, 
platelet count, bone marrow, blood chemistries, and 
E. K. G. Chest x-ray revealed a large left superior 
mediastinal density. 

Course. The patient was placed on the “restricted” 
diet and given Cobalt” teletherapy as outlined in the 
section on procedure. The masses in the left cervical 
and supraclavicular area diminished very markedly in 
size, and there was considerable reduction in the size 
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deuterium oxide dilution. With a consideration of 
the dynamics of deuterium distribution. J. Clin. 
Invest., 1950, 29, 1296. 
. Schloerb, P. R., Friis-Hansen, B. J., Edelman, I. S., 
Sheldon, D. B., and Moore, F. D., The measure- 
The authors gratefully acknowledge the cooperation ment of deuterium oxide in body fluids by the fall- 
and advice of Dr. J. R. Freid and his staff of the Radio- ing drop method. J. Lab. & Clin. Med., 1951, 37, 
therapy Department. They also express their apprecia- 653. 
tion for the technical aid of Mr. Frank Sciancalepore, and . Schwartz, I. L., Schachter, D., and Freinkel, N., 
for the assistance given by Mrs. Vernice Vankinscott, The measurement of extracellular fluid in man by 


of the left upper chest shadow. The patient was entirely 
asymptomatic at this time. 
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Stibel in 1914 (1) first noted with an ultra- 
microscope that the fibrin strands produced from 
hemophilic blood are thicker than from normal 
blood. He attributed the thicker strands to the 
slower rate of clotting in hemophilic blood. Later 
in the same year Howell (2) performing similar 
kinds of experiments reported an experiment in 
which cat’s plasma was clotted with thrombin: “A 
large amount of thrombin caused very rapid clot- 
ting with the production of small but distinct 
needles, while with a small amount of thrombin the 
clotting was slow and the needles were relatively 
large.” In 1947, Ferry and Morrison (3) re- 
ported a similar microscopic observation in which 
decreasing thrombin concentration produced 
larger fibrin strands. They observed this at pH 
6.0 since at pH 7.0 the strands were too fine to 
be seen. Morrison and Scudder (4) working at 
pH 6.4 believed there was no change in the thick- 
ness of the fibrin strands with varying thrombin 
concentrations. This was based on electron mi- 
croscope photographs. A light scattering method 
for the determination of the average fibrin strand 
width has been reported previously from this lab- 
oratory (5). With this technique it is now pos- 
sible to examine the effect of thrombin concentra- 
tion on fibrin strand width in more detail. 

Although numerous papers have been written 
on the relation of platelets to clot retraction ® (7, 


1 These studies were aided by a contract (NONR 
12800) between the Office of Naval Research, Depart- 
ment of the Navy, and the State University of New York. 
This contract was supported jointly by the Office of 
Naval Research and the Atomic Energy Commission. 


2Presented in part before the Forty-Fifth Annual 
Meeting of the American Society for Clinical Investiga- 
tion held in Atlantic City, New Jersey, May 4, 1953. 

3 Clot retraction is considered to be a process separate 
and distinct from syneresis (6). The latter is the con- 
traction of a colloidal gel and it is never as extensive 
and is much slower than clot retraction. 


8), until recently it has not been possible to study 
the effect of platelets on fibrin strand size without 
the interference of clot retraction. This has been 
due to the lack of appreciation of the so-called 
serum factor. In 1951, Ellicott and Conley (9) 
showed that clots formed from purified fibrinogen 
and thrombin with washed platelets present would 
not retract. However, if a small amount of se- 
rum (or bovine albumin or gum acacia or egg 
white) was also in the clotting mixture, retraction 
occurred. Thus, by omitting the serum factor 
from the clotting mixture, the effect of platelets on 
the unretracted clot can be studied. Earlier 
writers (10-12) believed that during clot re- 
traction lateral aggregation of the fibers occurred 
to give shorter and thicker strands. But no stud- 
ies with the ultramicroscope (13, 14) or electron 
microscope (15, 16) have shown that, after coagu- 
lation has taken place, there is actually a shorten- 
ing and thickening of the fibers during retraction. 
The use of the light scattering method offers an 
unique opportunity to study the effect of retrac- 
tion on the width of the fibers since the clot is not 
disturbed while the measurements are being made. 

In the studies to be reported herein, the effects 
of thrombin, platelet concentration and clot re- 
traction on the width of the fibrin strands are 
demonstrated using a light scattering method. 
These findings are discussed in the light of cur- 
rent knowledge in this area. 


MATERIALS AND METHODS 


The light scattering method, preparation of samples, 
and analytical techniques have been reported previously 
(5). The following represents additions and revisions 
pertinent to this investigation : 

Fibrinogen solutions from Fraction I. In some ex- 
periments human Fraction I4* was used as well as bo- 


4The human Fraction I, prepared by E. R. Squibb 
Sons, was kindly given to us by the American National 
Red Cross through the courtesy of Dr. Sam T. Gibson. 
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vine Fraction I. Laki’s method (17) of purifying Frac- 
tion I gave protein solutions which were 90 to 95 per 
cent clottable. 

Thrombin. Upjohn bovine topical thrombin was used 
with both fibrinogen and plasma. The thrombin unit 
was reasonably near that defined by Seegers and Smith 
(18)—1 unit clotting a standard fibrinogen solution 
(with 2 per cent acacia [19] present) in 14.0+2 sec. 
No attempt was made to adjust the thrombin unitage to 
exactly 15 seconds since in any one experiment serial 
dilutions were made from the same thrombin preparation. 

Platelet preparations. Platelet suspensions were pre- 
pared from fresh human blood in which either citrate (1 
part of .109 molar sodium citrate plus 9 parts venous 
blood) or Sequestrene 5 was used as the anticoagulant— 
the latter according to the method of Dillard, Brecher, 
and Cronkite (20). The addition of Triton® as de- 
scribed by Minor and Burnett (21) was found advan- 
tageous in facilitating the resuspension of platelets after 
their centrifugation. Instead of centrifuging the red and 
white blood cells, high molecular weight dextran? (22) 
was used occasionally to increase the erythrocyte sedi- 
mentation rate. But excessive numbers of red cells of- 
ten remained in the platelet containing supernatant plasma. 
The combination of Triton and dextran in plasma ap- 
peared to inhibit clotting completely or to give poorly 
formed clots. 

“Serum factor.” If clot retraction is desired in clot- 
ting mixtures containing only fibrinogen, thrombin, and 
platelets, a small amount of “serum factor” must be 
present (9). It was found that neglecting the saline 
washing of centrifuged platelets provided adequate “serum 
factor.” Therefore these platelets were not truly 
“washed” but only concentrated and suspended in saline. 
It is concluded that minute amounts of calcium ion, said 
to be necessary for clot retraction (7), must have been 
present as a contaminant in the clotting mixture as it was 
never found necessary to add extra amounts of this ion. 
In determining the fibrin strand size of clots prepared 
from fibrinogen in the presence of platelets, no correction 
was made for the light scattering due to the platelets. 
The reason for this is given below. In experiments us- 
ing fresh plasma containing platelets, platelet-free plasma 
samples were used as a blank in the manner previously 
described (5). 


RESULTS 
The effect of thrombin concentration 


Using bovine Fraction I, the effect on fibrin 
strand width by varying the thrombin concentra- 
tion between .02 and 0.5 units per cc. was studied. 


5 Supplied by courtesy of Alrose Chemical Co., Provi- 
dence, R. I. 

6 Supplied by courtesy of Rohm and Haas Co., Phila- 
delphia 5, Pa. 

7 Prepared by 
York 17, N. Y. 


Pharmacia Laboratories, Inc., New 
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TABLE I 
The effect of thrombin concentration on the fibrin strand radii 








R in Angstroms at various thrombin 


Fibrin conc. in units per cc. 


conc. 
pH gm./L. y 0.3 0.1 0.05 0.02 


7.24 0.22 470 585 755 775 
7.24 0.22 440 550 575 640 
7.22 0.40 650 700 755 865 
7.22 0.40 700 = =750 850 
7.25 0.33 570 710 
7.34 0.68 625 700 850 825 
7.34 0.45 575 755...,185 
7.34 0.34 575 600 625 850 
7.34 0.27 560 565 700 750 
7.30 0.31 500 510 590 

7.30 0.21 3 450 460 430 800 
7.30 0.125 350 450 580 598 650 











As the thrombin concentration decreased from 0.5 
to .02 units per cc., in any one experiment in which 
the same preparation of fibrinogen was used, there 
was a consistent increase in the radii of the strands 
(Table 1). The variation in the radius from one 


fibrinogen preparation to the next without de- 





THE EFFECT OF THROMBIN CONCENTRATION 
ON FIBRIN STRAND RADII 


F Radius at designated thrombin’ concentration 
Radius at 0.5 units thrombin per cc. 








The Points Indicate the Mean and the Bars 
indicate One Standard Deviation 
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THROMBIN CONCENTRATION IN UNITS PER CC. 
Tue Errect oF THROMBIN CONCENTRATION ON 
Fisrin STRAND SIZE 


As the thrombin concentration is decreased, the radii 
of the strands are increased. 


Fic. 1. 





THROMBIN AND PLATELET EFFECTS ON FIBRIN STRAND WIDTHS 


pendence on fibrinogen concentration between .1 
to 1.0 gm. per liter was previously described (5). 
Therefore, in order to compare one experiment 
with another, proportionate increase in the radius 
rather than absolute increase was used. The 
radius at 0.5 units of thrombin per cc. was taken 
as unity. And the ratio of the radius at other 
thrombin concentrations to the 0.5 unit value was 
designated as K (Figure 1). The points indicate 
the mean, and the bars indicate one standard de- 
viation. It can be seen clearly that as the thrombin 
concentration decreases, the average width of the 
fibrin strand increases. If the thrombin concen- 
tration is lowered much below .01 units per cc., in- 
complete clotting occurs. 

It was found that, if the same fibrinogen solu- 
tion between extremes of 0.1 and 1.0 gm. per liter 
is clotted with 0.3 units of thrombin per cc. or 
with 0.02 units of thrombin per cc., one obtains 
exactly the same weight of fibrin. This is in con- 
trast to Morrison’s work (23). However, his 


critical experiment on this point was at pH 6.34, 
whereas in ours, the pH was between 7.0 and 7.5. 
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The readings were made one hour after adding the 
thrombin to the fibrinogen solution at 24° to 
28° C., and no significant differences were seen if 
four-hour readings were taken. Actually, the 
rate of formation of a visible clot is much slower 
at the lower thrombin concentrations—at 0.3 
units about 3 to 5 minutes are required and at 
0.02 units about 8 to 15 minutes. No difference 
was seen if unpurified bovine Fraction I (about 
50 per cent clottable protein) or purified bovine 
Fraction I (90 to 95 per cent clottable protein) 
was used. Also, purified human Fraction I gave 
similar results. However, human 
Fraction I proved unsuitable for experimentation 
since it gave markedly concave curvature at low 
X? values of the experimental IX vs. X* graphs, 
thus making it impossible to obtain an accurate 
radius from the master curves. The reason for 
this is not definitely known but it may be because 
of the presence of cold-insoluble globulin (prob- 
ably identical with cryoglobulin [24] and con- 
tractinogen [25]). Cold-insoluble globulin may 
be an impurity in human Fraction I which has 


unpurified 
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The abscissa is the square root of platelet concentration in thousands, that is, 20 on the graph is 


equivalent to 400,000 platelets per cu. mm. 
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been described (26) as forming a complex with 
fibrinogen on precipitation and it might well be 
incorporated in an unknown way in the clot 
structure. 


The effect of platelet concentration 


Washed human platelet suspensions of various 
platelet concentrations were added to bovine Frac- 
tion I preparations and the mixture clotted with 
thrombin—the final thrombin concentration being 
0.3 units per cc. The readings were taken one 
hour after adding the thrombin at 24° to 36° C. 
and the fibrinogen concentration was fairly con- 
stant in all experiments varying between 0.24 and 
0.32 gm. per liter. None of these clots retracted 
because there was no “serum factor” present. The 
ratio of the radius of the strands with platelets 
present to the radius of the strands with no plate- 
lets was designated as K and plotted against plate- 
let concentration (Figure 2). The square root of 
the platelet concentration in thousands per cu. 
mm. was used in order to make the graph more 
compact and in order to straighten out the para- 
bola that otherwise occurs. Thus, “20” on the 
graph is equivalent to 400,000 platelets per cu. 
mm. It is evident that with increasing platelet 
concentration the average fibrin radius increased 
between a lower limit of approximately 11,000 
per cu. mm. and an upper limit of approximately 
250,000 platelets per cu. mm. at which point 
further increases in platelet concentration had little 
effect on the radius. There was no difference in 
the results on the increase of the fibrin strand 
radius if the platelets were prepared from citrated 
blood or from blood in which Sequestrene and 
Triton were used. However, with the Seques- 
trene and Triton, resuspension was easier and 
microscopically the platelets had less tendency 
to clump. One experiment was performed in 
which both thrombin concentration and platelet 
concentration were varied, and the effects of low- 
ering the thrombin concentration and increasing 
the platelet concentration seem to be additive in 
increasing fibrin strand size. 


Correction of data for scattering from platelets 


The problem of correcting the experimental 
light scattering data of fibrin strands for the scat- 
tering due to the platelets presented a difficult theo- 
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TABLE II 
The effect of different absolute radii of fibrin strands on the 


proportionate increase of the radii at three 
platelet concentrations 








Propor- 

tionate 

increase 
or K 


1.20 
1.18 


RinA 
with 
platelets 


Platelets RinA 
per without 
cu. mm. platelets 


40,000 505 605 
40,000 718 850 


80,000 605 766 
80,000 475 610 


120,000 600 815 
120,000 490 655 





1.27 
1.28 


1.36 
1.33 





retical and practical problem.’ Finally it was de- 
cided that for the following reasons no correction 
was necessary : 


1. Platelets will give the same scattering pat- 
tern as fibrin strands with radii of approximately 
700 Angstroms (27). Upon this hypothesis, an 
error due to the platelets would be falsely low if 
the radii of the fibrin strands were greater than 
700 Angstroms—falsely high if the radii were less. 
There would be no error if the radii of the fibrin 
strands were exactly 700 Angstroms. However, 
in many different experiments, there was an ap- 
preciable difference in the absolute radii of the 
fibrin strands formed in the absence of platelets 
(Table II). In spite of this, the proportionate in- 
crease in the radius (K) was essentially un- 
changed as long as the sample with platelets pres- 
ent contained the same platelet concentration. 
This was valid at several different platelet con- 
centrations (Table IT). 

2. If the scattering due to platelets necessitated 
a correction, it would be reasonable to subtract the 
light scattering intensity readings of the unclotted 
fibrinogen solution containing platelets from the 
readings of the same solution which had clotted. 
However, in about half of the experiments the un- 
clotted solutions scattered more light with a con- 
sequent higher reading than the same solution 
which had been clotted. Thus, by making a cor- 
rection for the platelets, an impossible negative 
number would result. In those experiments with 


8It is deeply appreciated that Dr. Fred Bueche, for- 
merly of Cornell University, Ithaca, N. Y., and more 
recently located at the University of Wyoming, Laramie, 
Wy., has continued to give advice on the light scattering 
aspects of this work. 
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a positive result, in which a correction was pos- 
sible, the calculated fibrin strand radii using this 
correction were less than 15 Angstroms. This 
likewise is an impossibility since the radius of the 
fibrinogen molecule is about 18 Angstroms (28). 
Representative experiments showing this phe- 
nomena are given in Table III. Only readings 
at one angle and one wave length (5460 Ang- 
stroms) are given for brevity although other 
angles and wavelengths show similar variations. 
These results show that at the same platelet con- 
centration the observed intensity of scattering in 
the unclotted samples may vary markedly, indi- 
cating that any attempt to estimate platelet con- 
centration simply by the amount of light scattered 
by them is not possible. Also shown in Table III 
are the observed intensity readings of the unclotted 
and clotted samples without platelets, again show- 
ing that the scattering from unclotted fibrinogen 
solutions without platelets is negligible compared 
to the scattering of the clot. Thus, the increased 
scattering of the unclotted sample containing 
platelets must be caused solely by the platelets. 
The above statements that the unclotted, platelet- 


free samples have no appreciable scattering apply 


only to the Fraction I preparation. If plasma is 
used, correction must be made for its preclotted 
scattering as described under Materials and Meth- 
ods. The radii given in Table III are calculated 
only from the intensity readings of the clotted 
samples. The intensity readings of the unclotted 
samples are not used. It should be emphasized 
that, although the observed intensities recorded 
here are in Microvolts X 10°, absolute units are 
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unimportant since only relative values are neces- 
sary in the calculations (5). Since the scattering 
intensities of the unclotted samples are often quite 
different at the same platelet concentration, one 
would not expect identical K values if the platelets 
in the clotted sample were causing an appreciable 
error. 

3. The decrease or insignificant increase of the 
intensity of scattering on clotting the samples con- 
taining platelets may be due to two phenomena— 
the platelets may disintegrate, or they may fuse to 
form large aggregates. If platelets fuse so that the 
aggregated particle has a diameter twice the diam- 
eter of the original single platelet, the intensity of 
scattering will be reduced by about one-tenth. 

From the above evidence it is concluded that 
even though the contribution of the platelets to the 
scattering is largely unknown, this fact may not 
invalidate the method of calculating the fibrin 
strand width from the dissymmetry measurements. 
Because of the experiments described above in 
paragraphs one and two, because the results 
assumed a consistent pattern (Figure 2), and be- 
cause there are theoretical reasons why such phe- 
nomena could occur (paragraph three), it ap- 
peared justified to make no correction for the scat- 
tering due to platelets in the fibrin clot. In the 
absence of absolute proof the evidence presented 
appears to support the validity of the above 
conclusion. 


The effect of clot retraction on fibrin radii 


The effect of clot retraction on the fibrin strand 
radii was measured with both bovine Fraction I 


TABLE III 


The effect of platelet concentration on proportionate increase in the radii of fibrin strands compared with the 
turbidity of the unclotted and clotted samples 








Observed intensity in microvolts X 10-3 at @ of 60° 





Without platelets 
Unclotted Clotted 


With platelets 
Unclotted Clotted 








Clotted 





RinA RinA Platelets 
without with per 
platelets platelets cu. mm. 


Proportionate 
increase or 
K 





19.2 24.3 
21.0 by i 


27.0 
29.3 


25.0 
28.8 


30.5 
33.0 


0.2 18.3 
y 18.0 


22.4 
24.0 


18.3 
18.0 


18.3 
18.0 


1.06 
1.04 


485 514 20,000 
490 510 20,000 


605 766 80,000 
588 748 80,000 


485 660 120,000 
490 655 120,000 


485 742 160,000 
490 735 160,000 


1.27 
1.27 


1.36 
1.34 


1.53 
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TABLE IV 
The effect of clot retraction on fibrin radii 








=o Thrombin 
Fibrin conc. 
source u/ce. 


Platelets 


cu. mm. 


After retraction 





RinA 


Proportional 
increase or 
K 


Time 
before R,in Est. in 
retraction A % min. 





Bovine _ 
Fraction e 
I 


Plasma 
Plasma 


Plasma 


Plasma 


120,000 740 810 70 120 
: 25,000 785 810 20 120 
3 b 124.000 815 825 30 90 


830 40 120 


25,000 815 850 20 90 


870 30 8 120 


23,250 850 865 20 100 


865 40 120 


23,250 700 690 35 135 
23,250 pea | Ma Eo 





plus added platelets and with fresh citrated plasma 
diluted with 0.15 M sodium chloride solution 
(Table IV). The clots did not begin to retract 
until more than one hour after adding thrombin 
had elapsed, hence the measurements of the strand 
size of the unretracted clots were made one hour 
after adding the thrombin. Attempts were made 
to accurately measure the amount of retraction by 
draining off the free fluid but it soon was apparent 
that estimation by simple inspection gave equally 
reliable results. Again, no correction was made 
for scattering due to platelets as discussed above. 
Some experiments were unsuitable for light scat- 
tering readings because the clots did not retract 
symmetrically and hence the optical system was 
Whenever this occurred the sample 
The ratio of the radii of the 
strands of the retracted clot to the radii of the 
unretracted clot was designated as K. Although 
the radius was increased slightly in all but two ex- 
periments, in none was the increase comparable to 
that shown with variations in thrombin or platelet 
concentration. In fact, in all but one, the in- 
creases were within experimental error (5), 7 per 


cent or K = 1.07. 


inaccurate. 
was discarded. 


Solubility of clots in urea 


It is of interest that all of these clots formed by 
adding thrombin to Fraction I or plasma dis- 
solved easily in 30 per cent urea. Most of the 
clots which contained platelets also dissolved, al- 
though occasionally a few particles of undissolved 


clot remained. Retracted clots dissolved equally 
as well as umretracted clots. However, clots 
formed by the recalcification of citrated or oxa- 
lated plasma were urea insoluble. Recalcified 
clots in general have thicker strands than clots 
formed from the addition of thrombin to the 
plasma (29). The time of clotting is significantly 
longer when plasma is clotted by recalcification 
than when it is clotted by adding thrombin. And 
the amount of thrombin formed by recalcifying 
plasma cannot be easily measured. Therefore, 
no further quantitative experiments have been 
carried out on clots formed by this method. 


DISCUSSION 


In 1947, Ferry and Morrison (3) stated that 
increasing thrombin concentration diminishes the 
clotting time and gives thinner fibrin strands be- 
cause of an increase of the ratio of “the reaction 
rate to the translational and rotational diffusion 
rates of fibrinogen molecules.” This was com- 
pared to the growth of crystals; the slower the 
rate of growth the larger the resulting crystals. 
In spite of the fact that the kinetics of the fibrino- 
gen-fibrin reaction (30, 31) and the theories of 
crystal growth (32) have been well studied, a pre- 
cise mathematical statement describing fibrin for- 
mation still cannot be formulated because of the 
lack of knowledge of the basic chemical reactions 
involved in the polymerization process. It now 
seems evident that the “primary” action of throm- 
bin may be proteolytic (33), and by its action an 
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altered (or activated) fibrinogen molecule results 
(34-37). The fibrinogen molecules then combine 
so that long and thick fibers form (38). How- 
ever, the nature of the bonds is not yet definitely 
known. The ability of urea to dissolve certain 
fibrin clots suggests that hydrogen bonds (39) are 
involved—but the bond energies of hydrogen 
bridges are so low (about 1/10 as strong as most 
covalent bonds [40] ) that probably hundreds would 
be necessary for each molecule. This would im- 
ply an improbably close alignment of each fibrino- 
gen molecule to the next. Most workers (41, 
42) agree that amino groups and perhaps carbo- 
hydrate groups, not sulfhydryl groups, are in- 
volved in the bond. Recent studies have been car- 
ried out on inhibited clotting systems (36, 43, 44) 
where the polymerization of fibrinogen is retarded 
by the presence of hexamethylene glycol, so that 
various measurements can be made of partially 
polymerized fibrinogen. This work indicates that 
“the fundamental process of attachment (of fibrin- 
ogen molecules) is lateral dimerization with par- 
tial overlapping which, when repeated, leads to 
two parallel end-to-end chains with staggered 
junctions” (43). Future studies of this type 
may lead to a basic understanding of the polymeri- 
zation of fibrinogen. It should be emphasized that 
plasma clots formed in the presence of the serum 
factor and calcium ion are urea-insoluble (45) and 
hence differ frem the clots derived from purified 
fibrinogen and thrombin preparations. The na- 
ture of the serum factor, or “urea insolubility fac- 
tor,” and the specificity of the calcium ion has been 
further studied by Loewy (46) but the part that 
these two substances play in altering the final clot 
is not yet known. It is difficult to compare the 
electron microscope findings of Morrison and 
Scudder (4) with this investigation. They found 
no change in fibrin strand width with the variation 
of thrombin concentration between .01 to 1.0 unit 
per cc. They formed their clots at pH 6.4 and a 
fibrinogen concentration of 1.0 gm. per liter. 
However, these authors state that a certain 
amount of doubt is cast on the interpretation of all 
work of this type due to the limitations of the 
technique which requires a very thin film of the 
reactants. 

The exact role of platelets on fibrin formation 
has been controversial since Donné first described 


them in 1842 (47, 48). Hayem, in 1878 (49), 
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originated the concept that platelets were neces- 
sary for clot retraction. Tocantins (13), using 
a light microscope and hemophilic plasma, stated 
that the fibrin strands formed in platelet-free 
plasma were twice as long and thick as in platelet 
rich plasma. However, these platelet-free clots 
took much longer to form and the thrombin con- 
centration was not controlled. Best, Cowan, and 
Maclean (50), Pinniger and Prunty (14) and 
Budtz-Olsen (7), using a light microscope, and 
Wolpers and Ruska (15), Braunsteiner, Febvre, 
and Klein (16), and Jiirgens (51), using an elec- 
tron microscope all came to the conclusion that 
the fibrin clot structure was the same whether or 
not platelets were present. Mann, Hurn, and 
Mathieson (52) also found that first the fibrin 
clot is formed ; then the platelets become attached 
to the clot. Almost all workers now agree that 
intact platelets are necessary for clot retraction, 
and some workers believe that either the amount 
(53) or rate (54) of retraction is related to the 
adhesiveness of platelets. Fonio (55) has demon- 
strated that the clot retracting ability of the plate- 
let resides in its hyalomere. 

Stefanini (56) in his recent review on blood 
coagulation summarized the various theories on 
the action of platelets in accelerating the conver- 
sion of prothrombin to thrombin. In these ex- 
periments in which no prothrombin is present 
there is no possibility for such an action to occur. 
However, Ware, Fahey, and Seegers (57) first 
described a property of platelet extracts which ac- 
celerates the action of thrombin on fibrinogen— 
designated as platelet factor 2. This work was 
confirmed by Van Creveld and Paulssen (58). 
Horanyi (59) restudied the dual role of platelets 
and concluded that upon coagulation some of the 
platelets disintegrate increasing the net amount 
(or here, activity) of thrombin while the re- 
mainder of the platelets remain intact to function 
in the retraction of the clot. Therefore, the fewer 
destroyed, the greater the retraction (60). The 
effect of platelet disintegration is that it may in- 
crease local thrombin concentration and may thus 
partially contradict the previous observation that 
the greater the thrombin concentration, the smaller 
the fibrin strands. The relation of the migration 
of platelets to strands of fibrin already formed can 
only be hypothesized (13). 


It may result in less 
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traction is not clear. 


Clots formed in the absence 


numerous but thicker strands per unit weight of 
fibrin. 

The lack of the increase in thickness of the 
fibrin strands upon retraction of the clot is con- 
sistent with the observations of other workers in 
this field (7,13). They believe that after coagula- 
tion, the platelets which either acted as foci for 
laying the fibrin network or migrated to the fibrin 
strands, become attached (14, 61) to the fibrin 
and then begin to fuse together (viscous meta- 
morphosis [50, 62, 63]).° As this fusion of the 
platelets continues, the fibrin network is drawn 
together to give the phenomena of clot retraction. 
Since the fibrin strands are not involved in this 
process, their sizes remain unchanged. The en- 
ergy for this process seems to originate from the 
“living” (66, 67) platelets. Thus, during clot- 
ting, some platelets disintegrate, others fuse to- 
gether. Either, or both of these phenomena would 
decrease the light scattering in the clot due to the 
platelets, as previously discussed under “Correc- 
tion of Data for Scattering from Platelets.” 

The extact relation between the “serum factor” 
necessary for the formation of urea insoluble clots 
and the “serum factor” necessary for clot re- 

® This process of viscous metamorphosis is considered 
to be quite distinct from platelet agglutination seen in 


some patients with idiopathic thrombocytopenic purpura 
(64, 65). 


of calcium ions will retract if platelets and the 
serum factor are present. In this investigation, 
the behavior of the clots toward urea agrees with 
Laki and Lérand (68). The urea solubility of 
the clots is probably effected by the lowering of 
the calcium ion concentration below a critical 
level—this low calcium ion concentration in Frac- 
tion I resulting from the phosphate buffer used in 
the adjustment of the pH and the ionic strength, 
and in plasma from the citrate used as an anti- 
coagulant. If imidazole buffer (69) was used and 
an extra amount of calcium ion added, urea in- 
soluble clots were obtained from the unpurified 
bovine Fraction I. Since urea soluble clots, which 
are formed in the absence of calcium ions and in 
the presence of platelets and serum factor, will 
retract, it seems reasonable to assume that the 
serum factor in this situation merely increased 
the viscous metamorphosis of the platelets as de- 
scribed by Wright and Minot 36 years ago (62). 
It is also reasonable to assume that the fibrin 
stucture was the same as though the serum factor 
and platelets had been absent. However, if the 
calcium ion and a serum factor are present, urea 
insoluble clots result which retract when platelets 
are also in the clotting mixture. These interre- 
lations are diagrammatically represented in Fig- 
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ure 3,, where F represents fibrinogen *° and f is 
activated fibrinogen (probably native fibrinogen 
from which a peptide has been split—see above). 
The actual difference between these two types of 
fibrin (urea soluble or insoluble) is probably in 
the type of bond. With the calcium and serum 
factor present, the urea insoluble clot is stronger 
(70, 71) than the urea soluble clot. The calcium 
ion is not firmly bound to the fibrin clot—stronger 
bonds being formed in the primary polymerization 
process (72). Clearly the retraction of the clot 
is independent of the fibrin structure and only 
depends on platelet fusion to draw the fibrin 
strands together—the fibrin strands remaining 
passive in the process. 


SUMMARY 


Purified fibrinogen solutions and plasma prep- 
arations were clotted with various concentrations 
of thrombin, both with and without platelets pres- 
ent in the clotting mixture. The radii of the fibrin 
strands were measured using a light scattering 
method and it was shown that: 


1. Decreasing the thrombin concentration re- 
sulted in wider fibrin strands. 

2. Increasing the platelet concentration resulted 
in wider fibrin strands. 

3. Clot retraction did not significantly alter the 
width of the fibrin strands. 
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Potassium secretion was first described in 1949 
(1, 2) in response to large infusions of potassium 
chloride. Later, Berliner, Kennedy, and Orloff 
(3) demonstrated an inverse relationship between 
potassium excretion and acid excretion defined as 
the sum of ammonia and titratable acid. More 
recently, Berliner (4) suggested that hydrogen 
secretion effects the reabsorption of sodium, and 
the latter would serve as an approximate defini- 
tion of acid excretion. 

The present study is a report of the urinary ex- 
cretion of electrolyte in response to metabolic al- 
kalosis induced by the removal of chloride. This 


circumstance is known to lead to potassium defi- 
ciency (5) and presumably potassium excretion. 
By providing various loads of electrolyte subse- 
quent to the induction of alkalosis, the relation of 


ammonia and titratable acid excretion to potas- 
sium excretion was observed under a variety of 
circumstances which had in common an increased 
excretion of potassium. 


METHODS 


Male albino rats weighing 275 to 325 gm. were used 
in the experiment. In order to obtain urine excretion 
values for sodium, potassium, and chloride which would 
be minimally affected by food intake, a diet deficient in 
these ions and also low in phosphate was used.2 The ex- 
periments were run for a total of six days. 


1The work was conducted under a grant from the 
James Whitcomb Riley Memorial Association. 

2 The composition of the low electrolyte diet was as 
follows: 
Casein 21 per cent 
Corn Oil 20 per cent 
Sucrose 15 per cent 


Dextrin 40 per cent 
Urea 4 per cent 


Salt Mixture 1.6 per cent 
CaCO,—1.0 per cent 
FeSO,—.08 per cent 
MgSO,7H.0—.45 per cent 
MnSO,—.023 per cent 

Synthetic vitamins were added as recommended by Riggs, 

T. R., and Hegsted, D. M. (J. Biol. Chem., 1949, 178, 

669). Urea was used to increase the otherwise low os- 

molar load and thereby increase urine flow. 


Choline—.1 per cent 
ZnSO,—trace 
CuSO,—trace 


All animals were permitted to adjust to the diet for 
the first three days. Urine excretion of sodium, potas- 
sium, and chloride was negligible after two days on the 
diet, and excretion values for the third day were used 
as controls for those of subsequent days. At the end of 
the three-day adjustment period the animals were di- 
vided into five groups (I-V). Animals in each group 
were subjected to the intraperitoneal injection of 10 ml. 
fluid per 100 gm. body weight of the composition indi- 
cated in Table I. The injected fluid was permitted to 
equilibrate with extracellular fluid for two hours (6) 
and was then removed. The volume removed closely ap- 
proximated the volume injected. The average composi- 
tion of the fluid removed and the net loss of chloride 
effected by the procedure are given in Table I. 

Group I was injected with a solution which approxi- 
mated extracellular fluid in composition so that upon re- 
moval minimal balances were effected. This group served 
as controls for the subsequent groups. 

Group II was injected with isotonic sodium bicarbonate. 
The bicarbonate exchanged for chloride, resulting in a net 
loss of chloride. 

Group III was injected with a hypertonic solution of 
sodium bicarbonate so that not only did chloride ex- 
change for bicarbonate producing chloride depletion, but 
sodium bicarbonate was also absorbed. In addition, 
2.0 mM of sodium bicarbonate was given on day 5 and 
day 6 of the experiment in the drinking water. 

Group IV was injected with a solution of sodium bi- 
carbonate containing, in addition, sodium phosphate. 
This resulted in chloride depletion with a gain of sodium 
phosphate. Two mM of sodium phosphate was also given 
in the drinking water on day 5 and day 6. 

Group V was injected with isotonic sodium nitrate 
solution so that nitrate, rather than bicarbonate, would 
exchange for chloride to provide a fixed anion substitute 
for chloride. No load was given. 

Urine, preserved with thymol, was collected under 
mineral oil in twenty-four-hour periods on the third day 
which preceded lavage, and on the fourth, fifth and sixth 
days following lavage. 

At the end of the sixth day the animals were sacri- 
ficed by exsanguination from the abdominal aorta. Se- 
rum and muscle were obtained for analysis. The viscera 
were fixed in formalin for histological examination. 

Sodium and potassium determinations were done by 
internal standard flame photometry (7); phosphorus de- 
terminations by the method of Fiske and SubbaRow 
(8). Serum and peritoneal fluid chlorides were done by 
Van Slyke and Hiller’s modification of the iodometric 
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ALKALOSIS: 


ITS EFFECT ON POTASSIUM AND ACID EXCRETION 


TABLE I 
Data on peritoneal lavage * 








Composition of fluid injectedt 


Composition of fluid removed 





Na Cl CO: PO. NO; 
mM/L. mM/L. mM/L. mM/L. mM/L. 


Chloride 
balance 
mM 


Cl CO: 


Na kK 
mM/L. mM/L. mM/L. mM/L. 





I 145 115 
II 150 0 
III 200 
IV 200 
V 150 


30 0 
150 0 
200 0 


0 
—  100t Sot 
0 be wilt 


150 


0 133.7 
0 136.7 
0 142.1 
0 146.9 
132.7 


105.4 29.7 
75.3 54.2 
76.6 62.8 
77.8 47.6 
75.8 22.0 


+0.3 
—2.2 
—2.0 
—2.2 
—2.3 


3.7 





* Averages for each group. 


t Fluid contained 2 per cent glucose to prevent absorption. 


The volume injected was equal to 10 per cent of body 


weight of the animal, and the volume removed was very nearly equal to the volume injected. 
t One hundred mEq. of HCO;~ + HPO," estimated from adding 50 mM sodium acid phosphate to 150 mM NaHCO. 


method of Sendroy (9), carbon dioxide content by the 
method of Van Slyke and Neill (10), urine pH and 
titratable acid were determined on a Beckman Model G 
pH meter with an electrometric titration assembly, urine 
ammonia and all nitrate analyses were done by the dif- 
fusion method of Conway (11), and urine and tissue 
chloride by the Volhard titration (12). The water con- 
tent of the muscle was obtained by difference in weights 
before and after drying at 100 to 110° C. for three days. 
The dry muscle was then ground, redried and aliquots 
freed of fat by three extractions with equal parts of pe- 
troleum and ethyl ether. The dried fat free residue was 
then extracted with 0.75 N nitric acid for two days and 


aliquots of this taken for sodium, potassium, and chloride 
analyses by methods referred to previously. 


RESULTS 


Detailed data for the urinary excretion of elec- 
trolyte on the day preceding lavage and for the 
three days after lavage are presented in Table II. 

In Figure 1, potassium excretion, acid excre- 
tion, urine pH, and total anion excretion are repre- 
sented graphically. Acid excretion is expressed 
as the sum of ammonia and titratable acid. Total 


TABLE II 


Average values for urine excretion of electrolytes * 








Electrolyte 


Experimental groups Day intake Na K 


NH, T.A. NHi+TA pH PO. cl 





All groups—prior to 3 0 07 .06 


lavage “control day” 


22 
11 
.05 


I. Control lavage 


. Chloride depleted 


using bicarbonate 15 


. Chloride depleted 
using bicarbonate 


NaHCO; load 


1.3 mM 
NaHCO; 
2.0 mM 
NaHCO; 
2.0 mM 
NaHCO; 


1.4 mM 
NaHePO, 
2.0 mM 
NaHPO, 
2.0 mM 
NaH2PO, 


4 0 71 
5 0 08 
6 0 .07 


91 
58 
-66 


’. Chloride depleted 
using bicarbonate 


and NaH2PQO, .84 


87 


/, Chloride depleted 


using nitrate 


1.01 
34 
.07 





1.07 09 116 69 415 17 


16 
22 
03 
16 
30 
Al 
St 
.09t 


13 


1.51 
1.35 
1.19 


33 39 
18 


18 


1.35 
1.13 
1.16 .05 
42 
49 
80 


.58 
79 
1.21 


15 
.04 
.04 


“Jo 


36 
33 


51 05 


42 <.05 


.30 43 <.05 


33 58 
82 


1.38 


91 <.05 


1.54 <.05 


2.18 <.05 


.66 
23 
.18 


<.05 
<.05 
<.05 


4 , J 1.89 
3 is Py - 19 
1 . PY - .04 


2.3 
1.4 
1.3 








* Values expressed as mM per day. Any intake of electrolyte indicated. 
{ Certain urines in this group were alkaline with no T. A. 
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Ficure 1 


anion excretion is approximated by the sum of the 
predominant cations, sodium, potassium, ammonia, 
and titratable acid. 

The data for the day preceding lavage, day 3, 
illustrate the ability of the rat to excrete urine 
virtually free of sodium and potassium. The anion 
excreted was accompanied by ammonia predomi- 
nantly. 

In the control Group I, in which no electrolyte 
was removed, the urine anion excretion on day 4, 


following lavage, increased and this increase was 
accompanied by a comparable increase in am- 
monia excretion. Virtually no increase in potas- 
sium excretion occurred (Figure 1). 

In Groups II-V, in which chloride was removed, 
an even greater increase in anion excretion oc- 
curred following lavage. However, in Groups II, 
III, and IV this increase was accompanied by a 
decrease in ammonia and total acid excretion. Re- 
duction in ammonia excretion persisted in these 
three groups for the remainder of the experiment 
(Figure 1), even though urine pH in Groups II 
and IV was lower than it was in the control group 
where ammonia excretion increased. 

In Group V, in which nitrate was exchanged 
for chloride, over 90 per cent of the nitrate was 
excreted within two days. This resulted in a 
very large increase in anion excretion which was 
accompanied by a large increase in both am- 
monia and titratable acid excretion as well as so- 
dium and potassium (Figure 1). 

In these experiments, then, neither urine pH, 
ammonia excretion, titratable acid excretion, nor 
the sum of the two showed a consistent response 
to the induced alkalosis. 

Potassium excretion, on the other hand, was 
consistently and greatly increased in each in- 
stance. Since no potassium was given in the diet, 
this represented a net loss of body potassium. 
The excretion was greatest in the two groups 
given additional sodium, Groups III and IV 
(Table II). This was reflected in lower muscle 
potassium values and higher sodium values 
(Table IIT). 


TABLE Ill 


Serum and muscle data * 
Averages for Each Group 








Per L. serum 


[COs]. ({K]s 
mM mM 


Per Kg. ECW 
[Na}e [Cle 
mM mM 


Experi- 
mental 
groups 


Per 100 gm. dry fat-free muscle 





(TMW) m Ct» 


(Cl) m ECW ie (K)i (Na)i (Na+K)i (ICW)m 
mM mM mM mM gm. 


gm. 





I 24.6 
II 30.2 
III 39.3 
IV 33.5 
Vv 32.7 


141.2 
141.8 
143.5 
141.8 


113.5 
97.9 
98.9 
98.5 
141.8 101.8 


1 
$12 °2.11: 
310 


32 ‘ 284 
64 “ 270 
45 2. 276 
06 A 277 
98 280 


4.04 
3.14 
3.30 
3.46 
3.00 


39.89 
36.83 


319 2. 
4. 
34.45 8. 
6. 
Z 


304 
310 
34.20 
37.45 


7.35 
9.13 
3.24 
1.03 
8.16 





* Abbreviations are as follows: 


TMW—Total Muscle Water; ECW— 


Extracellular Water; I[CW—Intracellular 


Water; m—refers to whole muscle; s—refers to serum; e—refers to EC phase; i—refers to IC phase; Figures in () are 


values expressed per or _ dry fat-free muscle; 
[Na]. x bed = (Nal; = (ECW)m: 
(ECW)n = 


(TMW)m — (ECW)m = (ICW)m; 
(Nae; (Na). - - (Na). = (Na)i; (K)m = (K)i; 


Figures in [ ] refer to concentration per L. serum or water; 


1 
96 x94 = CCILs [Nal x 
.94—gm. water per ml. serum. 


fr. x 
.96—Gibbs Donnan Factor: 





ALKALOSIS: ITS EFFECT ON POTASSIUM AND ACID EXCRETION 


Two additional experiments were done. One 
group was made alkalotic by peritoneal lavage 
with isotonic sodium bicarbonate similar to Group 
II. Subsequently the animals were each given 2 
mM per day of sodium bicarbonate and 2 mM 
per day of potassium bicarbonate after the lavage 
(days 4, 5, and 6). The total excretion of potas- 
sium for this three-day period was consistently 
greater than the intake resulting in an average 
net deficit of 2.0 mEq. of body potassium. This 
also resulted in a lowered muscle potassium at the 
end of the experiments. (Muscle K: 36.2 mEq. 
per 100 gm. FF muscle.) 

A second experiment was carried out as a con- 
trol for the group in which nitrate was substituted 
for chloride. Animals, after being prepared on 
the electrolyte free diet, were given an oral load 
of sodium nitrate equivalent to that used in the 
lavage fluid. The nitrate excretion was rapid and 
this increased greatly the total anion excretion. 
However, the excretion of potassium was less than 
that of the control group (Group I). 

It, therefore, seems clearly established that po- 
tassium excretion occurred specificially in re- 
sponse to some effect of chloride removal and 
was observed consistently in all such instances 
to proceed until muscle potassium concentration 
was decreased. 

The serum and muscle data (Table III) are in- 
cluded to demonstrate that all the experimental 
groups depleted of chloride did develop alkalosis 
as measured by serum bicarbonate and did un- 
dergo a reduction in cell potassium and a gain in 
cell sodium. The greater changes in Groups III 
and IV have already been pointed out. 


DISCUSSION 


The excretion of potassium leading to a reduc- 
tion in muscle potassium in response to metabolic 
alkalosis is predictable from previous studies (13, 
14). Recently the reduction in muscle potassium 
has been correlated with serum pH rather than 
serum bicarbonate by Cooke, Segar, Cheek, Co- 
ville, and Darrow (15). Acute studies on potas- 
sium excretion related the rate of excretion to 
serum pH (16, 17). If this be the case, then the 
potassium excretion observed here may be pre- 
sumed to result from the elevated serum pH 
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rather than the increase in either serum bicarbo- 
nate concentration or pCO,. 

It is evident that potassium excretion in these 
experiments was not significantly influenced by the 
pH or the anion composition of urine. Providing 
more base as sodium and potassium bicarbonate 
did not prevent a net loss of potassium. Only 
the giving of sodium influenced the loss by in- 
creasing it. 

The early drop in serum potassium reflected 
in the peritoneal fluid data (Table I) of the alka- 
lotic groups over the control group was observed 
prior to the excretion of potassium. This sug- 
gests that the filtered potassium at this time was 
diminished. Glomerular filtration rates were not 
measured to substantiate this. 

These observations suggest that the potassium 
excretion observed under these circumstances was 
achieved by the tubular exchange of potassium 
for sodium in response to an elevated serum pH 
or some unmeasured change within the cell re- 
lated to pH. The only other factor which ap- 
peared to affect this excretion was the ingestion 
of sodium which presumably led to an increased 
reabsorption as well as an increased excretion of 
sodium. If sodium reabsorption is effected 
through the exchange of hydrogen and potassium 
ions, it is possible to infer from these data that 
the increase in potassium excretion observed with 
sodium ingestion is a result of increased ion ex- 
change within the tubule. 

The data on acid excretion permit only negative 
conclusions. 
monia nor titratable acid excretion correlated with 


In these experiments neither am- 
potassium excretion. The excretion of each ap- 
peared to be related to the anions being excreted 
and to bear no direct relation to the state of alka- 
losis or to potassium excretion, 

It is further evident that the state of alkalosis 
does not diminish the ability of the kidney to ex- 
crete acid. In Groups II and IV where serum 
bicarbonate was constantly elevated above control 
values (Table III) urine acidity and titratable acid 
excretion were both increased (Figure 1). In 
Group V the serum bicarbonate rose from a low 
of 22 mEq. per L. immediately following lavage 
to 32.7 mEq. per L. at the end of the experiment. 
However, urine acidity, titratable acid excretion, 
and ammonia excretion were all above control 
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values during the development of alkalosis. In 
Group III given added bicarbonate, the expected 
alkalinity of the urine was observed. 

These data constitute additional evidence for 
the existence of a primary relationship between 
metabolic alkalosis and muscle potassium concen- 
tration in which alkalosis results in the urinary ex- 
cretion of potassium sufficient to lower muscle 
concentration. The constancy of the finding sug- 
gests that the relationship is direct and that potas- 
sium excretion will proceed until a lowering of 
cell potassium occurs or the alkalosis is ameli- 
orated. 

There is evidence that urine pH, ammonia, 
and titratable acid excretion are not directly re- 
lated to alkalosis or reciprocally related to potas- 
sium excretion. Their excretion appeared to de- 
pend on a complex system of variables including 
anion excretion, and sodium excretion and they 
are only indirectly affected by the state of alka- 
losis. 

Since no measure of sodium reabsorption was 
made, no inferences can be made with respect to 
the postulate relating hydrogen ion secretion to 
sodium reabsorption in the state of alkalosis and 
potassium secretion. The pertinence of such 
measurements is suggested by the observed effect 
of sodium ingestion, i.e., to increase the degree of 
alkalosis and to increase potassium excretion. 


SUMMARY 


1. Male rats were prepared for three days on 
an electrolyte-free diet and then made chloride 
deficient and alkalotic by peritoneal dialysis. 
Four groups were studied utilizing various elec- 
trolyte intakes, and these were compared to a con- 
trol group similarly treated but not made alkalotic. 

Urine cation excretion was observed for the day 
preceding dialysis and for three days subsequent 
to it. At the end of this period serum and muscle 
were obtained for analysis. 

2. In contrast to the controls, all the animals 
made alkalotic excreted large amounts of potas- 
sium resulting in net deficits. This resulted in a 
lowering of cell (muscle) potassium and a gain in 
cell sodium. 

3. Sodium ingestion increased the excretion of 
potassium and accentuated the muscle changes. 

4. The alkalosis did not exert a consistent effect 
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on ammonia or titratable acid excretion under the 
varying conditions of the experiment. 

5. Evidence was cited to indicate that the po- 
tassium excretion was effected by an ion ex- 
change system as a direct and primary response 
to the induced alkalosis and that the excretion re- 
sulted in cell deficit. 

The varying effects on ammonia and titratable 
acid excretion suggested that the excretion of 
these ions was not directly affected by the induced 
alkalosis. 
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The creation of a large peripheral arteriovenous 
fistula results in a series of related physiologic 
adjustments, including changes in cardiac output, 
intravascular and intracardiac pressures, blood flow 
to peripheral organs and urinary excretion of wa- 
ter and electrolytes (1-3). The changes in blood 
volume which occur under these circumstances 
have been the subject of controversy, partly be- 
cause Gbservations made before and after surgi- 
cal extirpation of a fistula are necessarily compli- 
cated by the effects of a major operation and the 
patient’s convalescence. 

Previous efforts to resolve this question have 
utilized protein-binding dyes such as T-1824 or 
Brilliant Vital Red to blood volume. 
However, the accuracy of T-1824 as a measure 
of total blood volume is open to question (4) and 
its validity as an index to the intravascular vol- 
ume of plasma in certain conditions has been 
challenged (5, 6). For these reasons it was de- 
cided to reinvestigate the early effect of an ex- 
perimental arteriovenous fistula upon blood vol- 
ume, and to use labelled red cells as well as T-1824 
in an attempt to measure by independent methods 
changes in the volume of red cells and plasma. 


measure 


METHODS 


Seven trained mongrel dogs, weighing 10 to 18 kilo- 
grams, were fed a standard meal diet to which raw meat 
and ferrous sulfate were added. After control measure- 
ments of blood volume in the unanesthetized, fasting state, 
an arteriovenous fistula approximately one cm. long was 
created surgically between the abdominal aorta and the 
inferior vena cava, halfway between the renal vessels and 
the bifurcation. 
tion, the blood volume was remeasured. 

Five cc. of the dog’s own blood were incubated at 
room temperature for 30 minutes with P®*. After label- 
ling, the red cells were washed three times with cold 


1 Presented in part before the American Federation for 
Clinical Research, Atlantic City, New Jersey, May 1953. 

2 Present address: Department of Medicine, Yale Uni- 
versity School of Medicine, New Haven, Connecticut. 


From two to six weeks after the opera- 


saline and reinjected intravenously from a calibrated 
syringe. Supernatant saline from the last wash con- 
tained less than 2 per cent of the total radioactivity in- 
corporated in the red cells. The injection of cells was 
immediately followed by the intravenous injection of 10 
mgm. of Evans Blue dye (T-1824). Heparinized samples 
of arterial blood were drawn at five-minute intervals for 
30 minutes. Radioactivity of whole blood was measured 
by the method of Reeve and Veall (7). Optical density 
of plasma diluted with an equal volume of saline was re- 
corded at 610A using a Coleman Jr. spectrophotometer. 
Concentrations of radioactivity in blood and of T-1824 in 
plasma were plotted on a semilogarithmic scale against 
time and the straight lines of best fit were extrapolated 
to the times of injection (T.). Hematocrit of arterial 
blood was determined by spinning 100 mm. columns of 
blood in Wintrobe tubes in duplicate for one hour at 
3000 rpm. in a centrifuge head of 15 cm. radius from the 
center of the spindle to the bottom of the hematocrit tube. 
A correction of 0.96 was applied for plasma trapping. The 
following calculations were used: 
pz 
1) Total Blood Volume (TBV P*) 
as Radioactivity injected 
~ Radioactivity of 1 cc. arterial blood at To 
2) RBC Volume (RBC P®) 
= (TBV P®) x Arterial Hematocrit x 0.96 





T-1824 


3) T-1824 space = r-1824 injected 


T-1824 in 1 cc. arterial plasma at To 





4) Total Blood Volume (TBV T-1824) 
“ T-1824 space 
~ 1 — (Arterial Hematocrit < 0.96) 





Combined 
5) Total Blood Volume (TBV comb) 
= (RBC P*) + T-1824 space 
(RBC P®) 


6) Total Body Hematocrit (TB Hct) = TTBV comb) 


RESULTS 


(Table I) 
I. General 


Following the operation, cardiac filling pressure 
was chronically elevated and the cardiac output in- 
Cardiac output could not be increased 


creased. 
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TABLE I 








Days T-1824 
before 
or after 


fistula 





TB het 
Edema/ 
Ascites 


Arterial 
TBV ‘ het 


Oo 


38.6 
35.1 


Plasma 


vol. Arterial het 





ce. ce. 
582 948 
801 1,234 


944 
854 


— 6 
+33 


—14 
+16 


—12 
+20 


36.7 
35.6 


570 
700 


620 
935 


901 
1,088 


-980 
885 


46.0 
39.0 


943 
.710 


1,150 
1,530 


37.6 
31.0 


636 
803 


1,020 
1,163 


34.8 
28.5 


925 
+14 917 
— 1 4 1,168 
+14 ; 1,470 


35.4 


1,810 $2.: 
S137 27. 


2,130 


917 
877 


705 
970 


1,205 
1,550 


1,727 
1,964 


1,251 
1,518 
+267 

0.01 


.892 


41.5 37. 
3 892 


+42 37.4 
— 3 837 
+42 1,137 


— 6 731 
+26 973 
+242 

0.01 


847 
.786 


917 
833 
— .084 
0.02-0.05 


51.6 43. 
42.1 3 


41.1 
36.0 
—5.1 
0.01 





37.7 
30.2 
—7.5 
0.01 





further by rapid intravenous infusions, unlike the 
sequence of events in normal animals (8). Four 
animals developed edema of the hind limbs or 
ascites. In two the ability to excrete a load of hy- 
pertonic saline was measured and found to be 
impaired, Digitalization did not increase cardiac 
output acutely nor did it produce a significant 
diuresis. Bacterial endocarditis (9) was not 
found in these animals. Hemodynamic data will 
be reported elsewhere in detail (10). 


% CHANGE IN RBC VOLUME 
(P32) 




















FISTULA 


Ficure 1. 


It should be 
much larger in proportion to body size than those 
usually seen clinically. 


noted that these fistulas were 


II. Total red cell volume (Figure 1) 


After an arteriovenous fistula there was no 
consistent change in total red cell volume meas- 
ured with radioactive red cells. The average 
change was — 18 cc., with variations from — 119 


cc. to + 75 ce. 


III. Plasma volume (Figure 2) 


In contrast to the relative constancy of red cell 
volume, the volume of distribution of T-1824 ex- 
panded markedly in every instance, and by an 
average of 242 cc., or 32 per cent. That this re- 
flected, at least in part, an actual increase in 
plasma volume following creation of an arterio- 
venous fistula is suggested by an average fall in 
arterial hematocrit of five millimeters, in the pres- 
ence of an unchanged total red cell volume. In 
this small series, no correlation was apparent be- 
tween the presence or absence of ascites or pitting 
edema and the degree of expansion of the plasma 
volume. 

There were no consistent differences between 
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the slopes of disappearance of T-1824 in normal 
dogs and in the same dogs after creation of a 
fistula. Blue dye was not detected in samples of 
ascitic fluid removed 30 minutes after intravenous 
injection of the dye. 


IV. Total blood volume and total body hematocrit 


In every dog, total blood volume was increased 
several weeks after an arteriovenous fistula, 
whether this was calculated from the dilution of 
P**-tagged cells, from the T-1824 space and the 
arterial hematocrit, or by adding the directly de- 
termined red cell volume and the T-1824 space. 
This was a result of the increase in the volume 
of plasma. As others have noted (4), values for 
blood volume calculated from the dilution of blue 
dye were invariably higher than those obtained by 


the red cell technique. Furthermore, the expan- 
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sion of blood and plasma volume after a fistula 
was significantly greater, both absolutely and per- 
centagewise, when measured with T-1824, than 
when calculated from the directly measured, un- 
changed red cell volume and the fall in arterial 
hematocrit. Another way to express this is as a 
decrease in the ratio of total body hematocrit to 
arterial hematocrit. As seen in Figure 3, this 
ratio diminished in six of seven instances. 


DISCUSSION 


The sudden direct transmission of arterial pres- 
sure to the distensible great veins which occurs 
when an arteriovenous fistula is opened must in- 
crease the volume of blood contained in the ve- 
nous tree, with simultaneous contraction of other 
portions of the vascular system. A progressive 
increase in total blood volume under these circum- 
stances would mitigate the necessity for such a 
localized vascular contraction. In 1924, Holman 
reported that the volume of distribution of pro- 
tein-bound dyes was increased in the presence of 
an arteriovenous fistula (11). Although these 
findings were confirmed in certain subsequent 
studies (12-16), they were not supported by 
others (17, 18). Warren, Elkin, and Nickerson 
reported that less than half of forty-one patients 
with an arteriovenous fistula had a significant fall 
in blood volume estimated from the T-1824 space 
following surgical repair of the defect (19). On 
the other hand, Schreiner, Freinkel, Athens, and 
Stone found a post-operative decrease in T-1824 
space of more than five per cent in sixteen of 
nineteen patients studied, although no change in 
hematocrit was noted (20). Lillehei, Bobb, and 
Visscher found a marked increase in both T-1824 
space and thiocyanate space after formation of an 
arteriovenous fistula in dogs (21). 

Although total blood volume increased in every 
animal in the present study after creation of a 
fistula, this was accomplished chiefly by an ex- 
pansion of the volume of plasma, without con- 
sistent changes in total red cell volume. Plasma 
volume increased despite an elevation in venous 
(and presumably capillary) pressure which would 
favor increased transudation of fluid out of the 
vascular system. Renal retention of salt and 
water, stimulated, perhaps, by inadequate arterial 
filling (2, 3), presumably plays an important role 
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in the expansion of extracellular fluid and plasma 
which occurs under these circumstances. Mobili- 
zation of extravascular depots of protein may also 
play a part in establishing and maintaining the 
expanded plasma volume (20, 22). 

The T-1824 space in five animals with fistulas 
enlarged to a greater extent then would have been 
predicted from the concomitant fall in arterial 
hematocrit, resulting in a decrease in the ratio 
total body hematocrit: arterial hematocrit. A sim- 
ilar decrease in this ratio is characteristic of pa- 
tients with elevated venous pressure and edema 
secondary to congestive heart failure (23). Al- 
though interpretation of this finding may be diffi- 
cult in the dog with intact spleen (24), three pos- 
sible explanations might be suggested. First, it 
is possible that in a dog with a large fistula, the 
splenic reservoir of blood rich in red cells may 
contract and become smaller. Secondly, the de- 
creased ratio might reflect a redistribution of 
blood between large and small vessels. This 
would require a larger proportion of blood to be 
contained in small vessels with low hematocrit in 
the animal with a fistula, in the face of obviously 
increasing engorgement of the great central veins. 
Finally, it is well known that protein tagged with 
Evans Blue dye circulates through perivascular 
lymph channels and extravascular protein depots, 
as well as inside the vascular system (25). It is 
conceivable that with the widened pulse pressure, 
elevated venous pressure and heightened rapidity 
of the circulation consequent to an arteriovenous 
fistula, the initial passage of dye into lymph chan- 
nels or other easily accessible extravascular com- 
partments might be somewhat accelerated and its 
calculated initial volume of distribution therefore 
expanded. The present experiments are consis- 
tent with such a supposition though they provide 
no direct evidence for it. 


SUMMARY 


Blood volume was measured in seven dogs, us- 
ing P*-tagged red cells and T-1824, before and 
up to six weeks after a large fistula was created 


between the aorta and inferior vena cava. The 
following were noted: 

1. No change in total red cell volume. 

2. An expanded plasma volume, reflected in a 
lowered hematocrit and an increase in the volume 


of distribution of T-1824. 


~ 


3. A decrease in the ratio of total body hemato- 
crit to the hematocrit of arterial blood. 
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The diuresis following the ingestion of alcohol 
has been compared with the increased urine flow 
secondary to water ingestion (1). Van Dyke and 
Ames (2) demonstrated that the injection of 
small amounts of alcohol (12 to 50 mg. per Kg.) 
into the carotid artery of normal unanesthetized 
dogs evoked a prompt diuresis without any de- 
tectable alcohol in the systemic venous blood. No 
increased diuresis occurred in dogs with diabetes 
insipidus following intracarotid injection. As al- 
cohol has no direct effect on exogenous antidiuretic 
hormone (ADH), or on the responsiveness of the 
renal tubules to this hormone (3), most investi- 
gators agree that “alcohol diuresis” is probably 
due to suppression of the release of ADH. Little 
attempt has been made, however, to correlate si- 
multaneously its effect on water excretion with 
electrolyte excretion, acid-base changes, and al- 
terations in blood volume. 

The study was divided into three parts: Part I. 
Effect of alcohol ingestion on water, electrolyte, 
and acid-base metabolism in semi-recumbent hy- 
drated normal subjects; Part I]. Evaluation of 
the inhibition of ADH secretion by alcohol, in 
normal subjects in whom acute changes of extra- 
cellular fluid tonicity and “effective circulating 
blood volume” were induced; Part III. Evalua- 
tion in pathologic states in which abnormal func- 
tion of the neurohypophyseal system had been 
demonstrated or postulated. 


MATERIALS AND METHODS 


The subjects were three normal males, on unrestricted 
diets, ages 29 to 30. From 7:00 to 7:30 A.M. on the 
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morning of each experiment the subject ate a light 
breakfast, including 400 to 800 cc. of fluid. At 8:30 the 
subject emptied his bladder, was weighed, and assumed 
the semi-recumbent position, standing to void at one- 
half to hourly intervals. Each experiment lasted from 
three to five hours. Fifty cc. of H.O were ingested 
hourly to cover approximately the insensible water losses. 
Venous blood was drawn under oil, without stasis, shortly 
after reclining or just prior to alcohol ingestion and at 
two-hour thereafter. When was im- 
bibed, additional samples were taken every half-hour for 
the determination of alcohol. In all experiments an in- 
dwelling Cournand needle was 


intervals alcohol 


inserted to avoid the 
trauma of multiple vena punctures. 

experiments and two alcohol 
experiments were done on each subject. One 
and twenty cc. of 100 proof Kentucky bourbon (approxi- 
mately 48 grams of ethyl alcohol) were imbibed over a 


Two or three control 


hundred 


five to ten-minute period one and a half hours after re- 
clining. In the control studies 120 cc. of water were 
ingested. 

Sodium, potassium, chloride, and pH of serum, and 
sodium, potassium, chloride, pH, ammonia, and titratable 
acids of that 
been described in previous reports from this laboratory 
(4,5). 
by a modification of the method of Hare (6), blood al- 
cohol by the method of Lester and Greenberg (7). In 


some experiments the osmolarity of serum was estimated 


urine were measured by methods have 


Creatinine of serum and urine was determined 


from the depression of the freezing point measured by 
means of a Fiske osmometer. 


Calculations 
a) Changes in plasma volume were calculated by the 
formula: 
Vy a ~ } 
PV: : (1 Het.2) vy, Hb.; ~ 100 (8) 
PV; a — Het.) Hb.2 
PV.=plasma volume, 
100 cc.) 
Hb. = hemoglobin (grams per 100 cc.) 
b) Urine volume was divided into two moieties as de- 
One is represented by the vol- 


Hct. = hematocrit (vol. per 


scribed by Wesson (9). 
ume of water required to make the urine solutes isosmotic 
with the plasma. This is designated osmolar clearance 


(Cosm), and is represented by the equation: 
UoamV 
Pom 


Cosm sn 


V =urine volume per min. Uosm=urine osmolarity in 
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mOsm. per Kg. urine H.O. Posm = plasma osmolarity in 
mOsm. per Kg. plasma H,O. 

The other moiety represents the net excess or deficit 
of water beyond the osmolar clearance, and is designated 
free water clearance (Cu.0). It is represented by the 
formula CH.o=V—Cosm. The urine volume, V= 
Cosm + CH.0. Free water clearance is positive when the 
urine is diluted below the isosmotic state by the contri- 
bution of water virtually free of solute, and negative 
when the urine is concentrated by the reabsorption or 
removal of water free of solute as in antidiuresis. This 
definition of free water clearance should not be con- 
strued as indicating the exact mechanism by which the 
urine is concentrated or diluted. 

Reference should be made to the contribution of ethyl 
alcohol to the osmolarity of plasma and urine. At the 
concentrations of alcohol found in the present study the 
depression of the freezing point was proportional to the 
mole fraction of alcohol in these fluids, i.¢., one millimol 
of alcohol was equivalent to one milliosmol. Alcohol is 
diffusible throughout the total body water, and its concen- 
tration in serum water and urine is essentially the same. 
It appears to move freely in both directions across the 
cells of the renal tubule independent of the flow of urine 
and the excretion of other solutes (10) and to have no 
affect on the osmotic distribution of water. For this 
reason it seemed appropriate to subtract the osmolar 
contribution of alcohol from the total osmolarity of serum 
and urine prior to calculating osmolar clearance (Cosm). 
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The prealcohol concentration was assumed to be zero. 


RESULTS 
Blood alcohol (Figure 1) 


The concentration of alcohol in the blood rose 
progressively during the first sixty to ninety min- 
utes after its ingestion. The mean concentration 
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EFFECT OF ETHANOL ON WATER AND MINERAL METABOLISM 


at ninety minutes was 110 mg. per cent with a 
range of 60 to 180 mg. per cent. It fell gradually 
in a course resembling an exponential curve. 
Three hours after ingestion 25 to 50 mg. per cent 
of alcohol remained in the blood. The character- 
istics of the curves of the blood alcohol were simi- 
lar to those noted by Haggard, Greenberg, and 
Carroll (10). The rise in concentration of alco- 
hol in the blood was attended by mild inebriation. 

In comparison with the control studies, two 
major changes occurred following the imbibition 
of alcohol: 1) Increased urine flow with decreased 
solute excretion; and 2) extracellular acidosis 
with increased excretion of titratable acid and 
ammonia. The typical changes in urine compo- 


sition are illustrated in Figure 2. 

In all studies (Tables I and II) only minor fluc- 
tuations in creatinine clearance occurred, and 
these could not be correlated with changes in 
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urine flow or solute excretion. The failure of 
alcohol in doses comparable to those used in the 
present study to alter glomerular filtration rate 
has been previously demonstrated (3). 


Urine flow (Table I and IT) 


In the control experiment, under the conditions 
of the present study, diurnal variation and the as- 
sumption of the semi-reclining position led to two 
to threefold rises in urine flow. In contrast, in 
five of the alcohol studies urine flow increased 
three to tenfold. In one experiment, R.9/17, 
urine flow did not rise after alcohol ingestion. 
This subject’s rate of excretion of sodium was 
much lower than any other in the present study. 
This is consistent with the observations of Rosen- 
baum and his co-workers (11) in which urine flow 
after water loading was correlated with the renal 
excretion of solutes. 
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Solute excretion (Tables I, II, and Figure 3) 


In Figure 3 the differences in the excretion of 
sodium between the control and alcohol experi- 
ments are plotted as a per cent change from the 
control period. The pattern of the excretion of 
sodium in the control subjects reflected the effect 
of the semi-recumbent position (12) and diurnal 
variation (13). It is apparent that a prompt fall 
in the excretion of sodium followed the ingestion 
of alcohol. This fall preceded the rise in urinary 
flow in most instances and persisted after the flow 
returned to prealcohol rates. Although the rates 
of excretion of potassium and chloride (Tables I, 
II) are not plotted, they also fell promptly after 
imbibition of alcohol. The early fall in the (Na)/ 
(K) ratio after alcohol (Figure 2) appeared to 
indicate a greater effect on the excretion of so- 
dium. In the control subjects sodium + potas- 
sium — chloride initially rose, with a subsequent 
fall. In the subjects receiving alcohol, sodium + 
potassium — chloride fell progressively (Tables I, 
II, and Figure 2). A temporally related rise in 


(Gu,0) 
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control 


a | period 





MILTON E. RUBINI, CHARLES R. KLEEMAN, AND EZRA LAMDIN 


ammonia and titratable acid excretion (Tables I, 
II, and Figure 2) accounted for only a small por- 
tion of the diminished excretion of sodium and 
potassium. The percentage fall in solute excre- 
tion of Subject R.9/17, who had no diuresis fol- 
lowing alcohol ingestion, was as great as that in the 
other alcohol experiments. This response is simi- 
lar to that seen in one subject reported by Eggle- 
ton and Smith (14) who, in spite of a minimal 
diuresis following the ingestion of alcohol, had a 
definite fall in chloride excretion. The reversal 
of the morning diurnal pattern of the electrolyte 
excretion (13) is indicative of the “potency” of 
the physiologic stimulus of alcohol. 


Partition of water excretion 


In Figure 4 are plotted the mean changes in 
free water clearance (CuH,0). In the control 
group a slight rise occurred in the first hour after 
the control period, followed by a gradual decline. 
The slight increase in urinary flow in the control 
subjects reflected a parallel rise in osmolar and 
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TABLE III 


A comparison of the changes in serum electrolytes and plasma volume after ingestion 
of 120 cc. of alcohol or water 
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considered significant. 


free water clearance. In the first thirty to sixty 
minutes after imbibing alcohol, the rise in free 
water clearance was associated with a fall in os- 
molar clearance. The contrast between the two 
groups was most marked in the period 60 to 120 
minutes after alcohol. While the Cu,0 was de- 
clining in the control studies, a striking further 
increase occurred in the five experiments in which 
a diuresis was seen after alcohol ingestion. The 
free water clearance (CH,0) accounted for 60 to 
80 per cent of the total urine flow. Thus the diu- 
resis following alcohol ingestion was character- 
ized by a decrease in osmolar and an increase in 
free water clearance. Even in study R.9/17 
(Table II), with no obvious diuresis after alco- 
hol, the 30 per cent fall in solute excretion with a 
40 per cent rise in free water clearance was con- 
sistent with the effect of alcohol in the other stud- 
ies. The maximum free water clearance coincided 
with the peak of the diuresis after alcohol. 


Acid-base changes 


In the present studies a fall in the pH of the 
blood of 0.13 + .03 pH units occurred during the 
first hour after alcohol imbibition. The peak of 
this acidosis coincided approximately with the 
greatest concentration of alcohol in the blood, and 
returned toward normal at the end of the experi- 
ments. Bicarbonate of the serum, determined in 
subsequent studies (15), also fell, and in several 
instances the calculated pCO, (16) rose above 
the normal mean of 40 mm. Hg. This suggests 
that the acidosis secondary to alcohol administra- 
tion is a combined metabolic and respiratory aci- 


* In view of the variability in repeated determinations of hemoglobin and hematocrit this 2-hour difference was not 


dosis. Seligson and his co-workers (17) and 
Nicholson and Taylor (18) have described a 
moderate metabolic acidosis following the in- 
gestion of alcohol. 


Blood volume changes (Table III) 


In the control studies calculated plasma vol- 
ume rose slightly after the assumption of the 
semi-recumbent position. It did not increase 
significantly after imbibition of alcohol. In one 
alcohol experiment the slight increase determined 
by the Hb.-Hct. method was confirmed by the 
radioactive chromium technique (19). 


DISCUSSION 


In the present study water diuresis is best char- 


acterized as a rise in free water clearance. If the 
assumption is made that in the normal kidney this 
moiety of water can only increase when there is 
a decrease in circulating ADH or a decreased re- 
sponsiveness of the renal tubules to ADH, alcohol 
must exert its effect through one or both of these 
mechanisms. Strauss, Rosenbaum, and Nelson 
(3) and Eggleton (1) have shown that following 
the administration of alcohol the renal tubule is 
capable of responding to exogenous antidiuretic 
hormone. The conclusion that alcohol acts di- 
rectly on the supraoptico hypophyseal system is 
convincing. Acetyl choline and nicotine are 
strong chemical stimulators of ADH release. Eg- 
gleton (1) demonstrated that nicotine adminis- 
tered prior to ingestion of alcohol could prevent 
the expected diuresis. Van Dyke and Ames (2) 
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were able to block the effect of acetyl choline by 
the prior administration of alcohol. Finally, the 
ability to produce a characteristic water diuresis 
by the intracarotid injection of relatively minute 
quantities of ethyl alcohol (2) would appear to 
localize conclusively its site of action.° 

The peak of the diuresis or free water clearance 
60 to 90 minutes after alcohol ingestion coincided 
with the peak level of alcohol in the blood (Figure 
1). The onset of the alcohol diuresis and the 
characteristics of the diuretic curve were shown 
by Eggleton (1) to be very similar to those fol- 
lowing a load of water. The time lag of sixty 
to ninety minutes probably is associated with the 
inactivation of circulating ADH. This lag implies 
that alcohol must have blocked the release of ADH 
during the early period of its rise in the blood. 

As pointed out by van Dyke and Ames (2) and 
Eggleton (1) the maintenance of elevated levels 
of alcohol in the blood does not sustain the diure- 
sis. This is not due to the development of dehy- 
dration, since a second dose of alcohol taken after 
the effects of the first have worn off will lead to a 
second diuresis, though of lesser magnitude than 
the first. 

A definitive mechanism by which alcohol de- 
creases the excretion of sodium, potassium, and 
chloride could not be derived from the present 
study. Alcohol did not cause consistent changes 
in glomerular filtration rate or in the level of these 
Although 
the acidosis, with the associated rise in titratable 


electrolytes in the serum (Table III) 


acid and ammonia, would lead to some reabsorp- 
tion of sodium by the exchange mechanism, quan- 
titatively it could account for, at most, 20 per cent 
of the retained sodium. A slight degree of dehy- 
dration is induced by the loss of water in excess 
of sodium following alcohol ingestion. Since, 
however, the initial fall of sodium excretion pre- 


“ 


ceded the rise of free water clearance, the “‘de- 
hydration reaction” (20) cannot be implicated. 
Stimulation of the adrenals and inhibition of the 
posterior pituitary are unlikely causes of the so- 
dium retention as the decrease in the excretion of 


sodium after alcohol occurred in a patient with 


5 The experiments of van Dyke and Ames (2) were 
performed on dogs and, while conclusive for this species, 
their extrapolation to should be with 
caution. 


humans done 
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Addison’s disease on a constant intake of DOCA,® 
and in a case of diabetes inspidus receiving no 
exogenous ADH (15). Whether this enhanced 
reabsorption was due to a direct effect of alcohol 
on the renal tubules is not known. Eggleton and 
Smith (14) also noted falls in the excretion of 
chloride following alcohol. Strauss, Rosenbaum, 
and Nelson (3) failed to observe greater decreases 
in solute excretion after alcohol than seen in their 
control group. Their studies were performed in 
the afternoon, with the subjects in the sitting posi- 
tion; both of these are important differences from 
the present study. Although the ingestion of al- 
cohol did not cause significant changes in total 
blood volume (Table III), the peripheral vaso- 
dilation following its ingestion must have caused 
a redistribution of the blood. (It is possible that 
the latter, by a presently unknown mechanism, was 
the effective stimulus for the increased tubular 
reabsorption of sodium and chloride. ) 

The cause of the potassium retention is also un- 
explained. However, acidosis per se (21) and 
the intermediary metabolism of the alcohol may 
be important contributors. 

The acidosis, the changes in electrolyte excre- 
tion, and the alterations in blood volume and renal 
hemodynamics cannot be related causally to the 


diuresis or rise of free water clearance following 
alcohol ingestion. 


SUMMARY AND CONCLUSIONS 


The acute effects of alcohol ingestion (120 cc. 
whiskey) on water and electrolyte metabolism 
were studied in normal semi-recumbent males dur- 
ing the morning hours. 

Alcohol caused a marked rise in urinary flow 
and free water clearance (CH.0) as well as con- 
sistent falls in the excretion of sodium, chloride, 
and potassium. Although no definite cause for 
the fall in solute excretion was discerned it is 
suggested that a redistribution of blood volume 
may have been the effective stimulus. 

The acidosis, the changes in electrolyte excre- 
tion, and the alterations in blood volume and re- 
nal hemodynamics could not be causally related 
to the diuresis or rise of Cu,0 after alcohol. 


6 Administration of ACTH to this patient induced no 
fall in circulating eosinophils or rise in 17-ketosteroid 
excretion. 
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The findings in the present study are consistent 
with the hypotheses that alcohol inhibits the 
supraoptico hypophyseal system. 
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In the normally hydrated semi-recumbent indi- 
vidual, alcohol causes a rise in urine flow that is 
characterized by an increase of free water clear- 
ance (CH,0) and a decreased excretion of sodium, 
potassium and chloride (1). The evidence to date 
strongly suggests that the rise of Cu,0 is caused 
by inhibition of the release of antidiuretic hormone. 

The present study was undertaken to evaluate 
the effect of alcohol on the excretion of water and 
solutes in physiologic states in which alterations 
in the activity of antidiuretic hormone have been 
demonstrated or suggested. The following states 
were studied: 1) Minimal antidiuretic hormones 
(ADH) activity produced by sustained positive 
loads of water; 2) Increased ADH activity pro- 
duced by infusions of hypertonic sodium chloride 
solutions, a) during water diuresis with high urine 
flows (10 to 15 cc. per min.), and b) in subjects 
with low urine flows (1 to 2 cc. per min.) ; 3) 
Increased antidiuretic activity produced by venous 
congestion of the limbs. 


MATERIALS, METHODS AND RESULTS 


Subjects were normal males, aged 25 to 32. No con- 
trol of diet prior to the day of study was attempted. 
One to one and a half hours after a light breakfast the 
subjects voided and reclined in a semi-recumbent posi- 
tion. All studies were begun at 8:30 to 9:00 A.M.; di- 
urnal variations in urinary flow and composition (2) 
were therefore presumably similar in all experiments. 
Alcohol was given as 120 cc. of 100 proof bourbon 
whisky imbibed over a 10-minute period. Techniques 
for collection of blood and urine and chemical methods 
have been described in the previous paper (1). In all 
studies insensible water loss was assumed to be ap- 
proximately 50 cc. per hour. Changes in extracellular 


1 Supported in part by a Grant from the U. S. Public 
Health Service. 

2 Presented in abstract form at the meeting of the 
American Society for Clinical Investigation, Atlantic 
City, May 2-5, 1954. 

8 Major, MC, USA. 

* Postdoctorate Research Fellow of the U. S. Public 
Health Service. 


space were calculated approximately from changes in 
the chloride space (3), assuming an initial extracellular 
volume of 20 per cent of body weight. Changes in 
plasma volume were calculated from changes in hemo- 
globin and hematocrit (1). Urine flow was divided into 
two fractions: 


Osmolar clearance (Cosm) 
milliosmols per kilo of urine 
milliosmols per kilo of plasma 





X urine flow (cc. per min.) 
Free water clearance (C20) = urine flow — Cosm 


Group I. Effect of alcohol during water diuresis (Table 
I, Figure 1C) 


A positive water balance was induced in two semi- 
recumbent subjects by drinking one liter of water, and 
was maintained by infusing 4 per cent fructose solution 
intravenously and administering supplemental water by 
mouth. The accuracy of this technique was checked by 
weighing the subject at the beginning and the end of 
each experiment. Fructose solution was chosen because 
of its minimal effect on the total hexose in the blood. 
By limiting the rate of infusion to 8 cc. per minute 
or less, no reducing substances could be detected in the 
urine by qualitative test with Benedict’s solution. After 
a maximal steady urine flow had been maintained for at 
least two 30-minute periods, alcohol was imbibed. Urine 
was collected at 15 to 30-minute intervals during the next 
three hours. 

Under these circumstances, alcohol did mot induce a 
further increase in urine flow or Cu,0 (Figure 1C). If 
large positive loads of water (1000 cc.) completely in- 
hibit ADH release (“physiologic diabetes insipidus”), 
this result would be expected.5 The rates of excretion 


5 The statement that maximum water diuresis is as- 
sociated with complete inhibition of ADH release or so- 
called “physiologic diabetes insipidus” probably is true 
for the recumbent and semi-recumbent positions only. 
In unpublished experiments the authors have demon- 
strated that when a positive water load of 1000 cc. is 
maintained, the maximum urinary flow and free water 
clearance (CH.,0) attained in the standing or 45° posi- 
tion were further increased by lying down. This sug- 
gests a continual “tonic” release of ADH in the upright 
positions in spite of the sustained water load or non- 
hormonal factors blocking the maximum rise in urinary 
flow. 
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+t PV = Plasma volume. ¢ Alcohol imbibed during first 10 minutes of this period. 


* Observed osmolarity—osmolar contribution of alcohol. 


of Na and Cl did not decrease after alcohol ingestion 
and although the urine became more acid, excretion of 
ammonium was not enhanced. These results contrast 
sharply with the findings when alcohol is administered 
to subjects with low or moderate urinary flows (1). 


Group Ila. Effect of the simultaneous administration of 
alcohol and hypertonic saline to water-loaded subjects 
(Table IIA, Figure 1A and 1B) 


Positive water balances were achieved in four experi- 
ments in a manner similar to that described for Group I. 
In two control tests (No. 1 and No. 2 Table IIA) 
500 cc. of hypertonic saline (5 to 6 per cent) was infused 
without alcohol. In two further experiments (No. 3 and 
No. 4, Table IIA), alcohol was imbibed simultaneously 
with the beginning of the hypertonic infusion. 

The administration of hypertonic saline without al- 
cohol, at the height of a water diuresis, was followed by 
a prompt decrease in urine flow and free water clear- 
ance (Figure 1A). In contrast, the subjects receiving 
alcohol not only failed to show an antidiuresis, but ac- 
tually increased their flow of urine above the levels 
reached during maximal water diuresis (Figure 1B). 
Free water clearance (CH.0) increased in spite of a 4 to 
5 per cent rise in the osmolarity of the serum. It is ap- 
parent that alcohol effectively blocked the antidiuretic 
response to hypertonic saline. 


Group IIb. Effect of alcohol on the antidiuresis follow- 
ing hypertonic saline in subjects with low urine flows 
(Table IIB, Figure 2) 


In two subjects, 300 cc. of 5 to 6 per cent saline were 
infused intravenously after a suitable control period. 
Approximately 30 minutes after starting the infusion al- 
cohol was imbibed. 

In neither subject did’a water diuresis occur after al- 
cohol. Prior administration of hypertonic saline, with a 
consequent increase in the effective osmotic pressure of 
extracellular fluid, presumably induced the release of in- 
creased amounts of ADH from the posterior pituitary 
(4). Since alcohol affects neither exogenous ADH nor 
the ability of the tubules to respond to this hormone (5) 
an excess of circulation ADH probably masked the in- 
hibitory effect of alcohol upon the supraopticohypophyseal 
system in these experiments. 


Group III. Effect of alcohol on the antidiuresis of venous 
congestion (Table III, Figure 3) 


The effect of alcohol on the antidiuresis produced by 
venous congestion of the limbs was tested in three sub- 
jects in whom sphygmomanometer cuffs were inflated 
about the thighs to a pressure of 70 to 80 mm. Hg. (In 
all, a positive water load of 500 cc. was established and 
maintained throughout the experiment.) In two studies 
(No. 1 and No. 2, Table III) a control period of venous 
congestion for 30 minutes, instituted after maximal urine 
flow had been attained, produced a prompt fall in urine 
flow, CH.0, and Cosm, as well as in the rates of excretion 
of sodium, potassium, chloride, and creatinine. These 
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Alcohol produced no increase in an established water diuresis (Figure 1C). In contrast, when alco- 
hol was given with an intravenous load of hypertonic saline, urine flow and CuH.o increased (Figure 1B), 
and the characteristic antidiuretic effect of hypertonic saline (Figure 1A) was blocked. 
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functions returned to or toward control levels after the 
congestion was released. After a suitable period of re- 
covery, during which the urine flow stabilized, alcohol 
was administered 30 minutes prior to the application of 
congesting cuffs for the second time, this time for 60 min- 
utes. Despite a more prolonged period of venous con- 
gestion, only slight falls in urine flow and free water 
clearance were produced, although the decrease in solute 
excretion and Cosm was comparable to that during the 
control period of cuffing. Under these circumstances, 
therefore, prior ingestion of alcohol minimized the anti- 
diuretic effect of venous congestion (Figure 3A). 

In a third subject (No. 3, Table III), alcohol was im- 
bibed 100 minutes after the cuffs had been inflated. 
Urine flow and CH.0, which had diminished after the 
cuffs had been applied, did not increase after alcohol was 
administered, and started to rise only after the cuffs were 
released (Figure 3B). 


L. L. 


mOsm./ mOsm./ 


Units 


, 
%e 


mEq./L. meg. 


DISCUSSION 


In the present study, alcohol prevented or mini- 
mized the fall of urine flow and free water clear- 
ance (CH,0) that characteristically follows the ad- 
ministration of hypertonic solutions of sodium 
chloride or venous congestion of the extremities. 
Alcohol will also prevent the antidiuresis of de- 
hydration (6) or the administration of acetylcho- 
line (7) and nicotine (6), and it has no effect on 
urine flow when it is given at the height of water 
diuresis or to dogs with diabetes insipidus (7). 
These observations constitute overwhelming evi- 
dence that it has an inhibitory action on the supra- 
opticohypophyseal system. 

The antidiuresis that regularly follows venous 
congestion of the lower extremities or stationary 
standing has been ascribed in part to increased 
activity of the neurohypophysis as a result of di- 
minished effective blood volume (8,9). Facts in 
favor of this interpretation are: 1) a diminished 
or absent response in subjects with diabetes in- 
sipidus or in hydropenic subjects with maximal 
ADH activity who are undergoing a mannitol diu- 
resis (10); 2) a fall in urine flow out of propor- 
tion to the changes in electrolyte excretion and 
glomerular filtration (8, 9) ; 3) the appearance of 
an antidiuretic substance in the blood of normal 
subjects after circulatory collapse induced by mo- 
tionless standing (11). The ability of alcohol to 
inhibit the antidiuresis of venous congestion lends 
added weight to the concept that changes in urine 
flow following alterations in the volume and distri- 
bution of body fluids are to an important degree 
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Ficure 3 


Alcohol minimized the antidiuretic effect of venous congestion when given prior to the latter (Fig- 


ure 3A). 
ure 3B). 


secondary to variations in the activity of the neuro- 
hypophysis.*® 

Alcohol had little effect on urine flow and free 
water clearance in those experiments in which it 
was given after an infusion of hypertonic saline 
or venous congestion had been initiated. Once 
the neurohypophysis has been stimulated the re- 
sultant excess of circulating antidiuretic hormones 
might, until it is inactivated or destroyed, mask 
the temporary inhibition of the posterior pituitary 
by alcohol. These experiments suggest that al- 
cohol diuresis may be blocked by a prior rise in 
circulating endogenous ADH as well as by the ad- 
ministration of exogenous Pitressin® (5, 6). 

In the experiments of Group I, when the re- 
lease of ADH was presumably completely inhibited 
by a positive water load in the semi-recumbent 
position, administration of alcohol caused no fur- 
ther rise in urine flow and free water clearance. 


6In a study published since completion of this paper 
Newman (12) demonstrated that alcohol could effectively 
block the antidiuresis of quiet standing. 


In contrast, alcohol had little effect when given during the period of venous congestion (Fig- 


The increase in CH,0 which occurred in the water- 
loaded subjects of Group IIb, to whom alcohol 
was given simultaneously with an infusion of hy- 
pertonic saline, was therefore unexpected. The 
situation in these experiments is probably com- 
parable to the rapid administration of large solute 
loads to patients with diabetes insipidus, in whom 
an increased volume of isosmotic fluid is sud- 
denly delivered to a distal tubular segment in 
which water reabsorption is blocked but where 
further reabsorption of solute does occur. In 
this case an increase in the calculated value of 
free water clearance (CH,0) might be produced, 
not by diminished reabsorption of water in the 
distal tubule (Smith, 13), but by an increased 
distal reabsorption of solute. An increase in Cu,0 
during mannitol or solute diuresis in subjects 
with diabetes insipidus can in fact be demon- 
strated by recalculating the data of Brodsky and 
Rapoport (14). Similar increases in CH,0, Cosm, 
and urine flow were shown by Welt, Young, 
Thorup, and Burnett (15) to follow the adminis- 
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tration of a carbonic anhydrase inhibitor to water- 
loaded subjects who were in a state of “physio- 
logical diabetes insipidus.” Although tubular se- 
cretion of water (14) could explain such changes, 
there seems little reason to invoke such a con- 
cept. 

A relative or absolute increase in antidiuretic 
hormone has been implicated in the abnormal wa- 
ter metabolism of such clinical states as hypo- 
natremia, cirrhosis of the liver, congestive heart 
failure, adrenal insufficiency, and panhypopitui- 
tarism. The results of the present and previous 
studies (1, 5) suggest that the effects of alcohol 
in states of abnormal water metabolism might be 
of value in interpreting their pathophysiology. 
Such investigations are now in progress. 


SUMMARY 


1. Alcohol had no effect upon urine flow or 
solute excretion when given at the height of a 
water diuresis. 

2. Alcohol blocked the antidiuretic response to 
hypertonic saline when both were simultaneously 
administered to water-loaded subjects. 

3. Alcohol minimized the antidiuretic effect 
of venous congestion of the legs in water-loaded 
subjects, when imbibed before the legs were con- 
gested. 

4. The characteristic diuretic response to al- 
cohol was blocked by prior infusion of hypertonic 
saline or cuff congestion of the limbs. 

5. When administered prior to the stimulus, al- 
cohol will effectively block stimulation of the re- 
lease of ADH. 
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Restriction of potassium intake leads to deple- 
tion of body potassium, chiefly as a result of losses 
of potassium in the urine (1-3). The ability of 
the kidney to conserve potassium has been vari- 
ously assessed. Tarail and Elkinton (4) consid- 
ered the renal mechanism for potassium conserva- 
tion to be relatively inefficient, whereas Fourman 
(5) has demonstrated a U/P ratio of less than 1.0 
in the normal human. Depletion of body potas- 


sium may be associated with hypokalemic alka- 
losis (1), shifts of sodium into potassium de- 
pleted cells (6) and retention of sodium in the 
extracellular phase with expansion of the extra- 
cellular fluid (1, 2). 

The following experiments were designed to 
study the effects on the composition of the serum 


and urine, in normal humans, of 1) restricted po- 
tassium intake alone, and 2) restriction of sodium 
and potassium concurrently. External balances of 
water and electrolytes were observed, and internal 
balances of sodium, potassium, and water were 
calculated. Clearances of endogenous creatinine 
were calculated. 


EXPERIMENTAL PROCEDURES AND METHODS 


Three studies were carried out on two normal male 
subjects. Studies RW* and RW?’ were similar in de- 
sign. Each was divided into an Initial period when so- 
dium and potassium intakes were maintained at normal 
levels, a Depletion (K) period when potassium intake was 
restricted, a Depletion (Na and K) period when both 
sodium and potassium intakes were restricted (in RW’ 
9 gm. of ammonium chloride were administered on the 
last day of this period), and a Reloading period when 
sodium and potassium were returned to the diet. Study 
JD was divided into an Initial period, a Depletion (Na 
and K) period when both sodium and potassium intakes 
were restricted, and a Depletion (K) period when so- 
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dium was restored to the diet but potassium restriction 
was continued. 

Blood samples were drawn, without stasis, under oil 
at the beginning and end of each period and at inter- 
mediate points. After clotting, they were centrifuged 
for 15 minutes and the serum drawn off. Urine was col- 
lected in 24-hour periods under mineral oil and toluol and 
kept refrigerated until analyzed. Stools for each period 
were collected, carmine red markers being used, and pre- 
served by the addition of sulfuric acid. The subjects were 
weighed daily at 9 a.m. in the postabsorptive state. 

Serum was analyzed for sodium, potassium, inorganic 
phosphorus, carbon dioxide, chloride, total proteins, and 
creatinine. Urine was analyzed for sodium, potassium, 
ammonia, titratable acid, chloride, phosphorus, carbon 
dioxide, pH, creatinine, and nitrogen. Feces were ana- 
lyzed for sodium, potassium, chloride, and nitrogen. 

The basic diet for study RW* was Mead Johnson’s 
Laboratory Product No. 412¢. This product contains 
the solids from milk, rendered low in sodium and potas- 
sium, with added Dextri-maltose®. Four hundred and 
fifty-four grams of this product, which contained 15 mEq. 
of potassium, were made up in distilled water for each 
day’s basic diet. In order to lower this figure for po- 
tassium, the solution was treated with an ion-exchange 
resin in the ammonium cycle (except on the last three 
study days) and an aliquot was analyzed for sodium, po- 
tassium, and nitrogen. By this means the basic dietary 
potassium intake was reduced to between 2 and 3 mEq. 
per day. 

The basic diet for studies RW? and JD was Mead 
Johnson’s Laboratory Product No. 412A.4 This is 
similar to Product No. 412 except that 454 gm. provided 
approximately 1 mEq. of potassium and 1 mEq. of sodium. 
Both diets were adequate in calories and nitrogen and 
provided 8 mEq. of chloride per day. In all studies sup- 
plements of sodium and potassium, as the chloride salts, 
were added to the basic diets in the Initial periods and 
in the other periods, as indicated previously, to give the 
daily intakes indicated in Table I. Additional calcium 
chloride was given in study RW* only. Two hundred 
extra grams of glucose were taken daily in all studies, 
except on day 14 of study RW” when only 78 gm. were 
taken. Distilled water was allowed ad lib. 

External balances of water were calculated from the 
weight of the diet, the measured fluid intake, the weight 
lost in excreta, the urine volume, the changes in body 


These products were supplied by Mead Johnson and 
Co., Evansville, Indiana. 
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weight, and the water of oxidation of foodstuffs (1). 
Other balance data were calculated by methods previously 
reported from this department (7, 8) and by Darrow 
(9). No account was taken of electrolyte lost in the 
blood samples drawn and in the sweat. 

Inorganic phosphorus was determined by the method 
of Fiske and Subbarow (10), modified for use with the 
photoelectric colorimeter; creatinine by the method of 
Hare (11); fecal chloride by the open Carius method 
(12); urine, fecal, and food nitrogen by the macro- 
Kjeldahl method (13); urine pH and titratable acidity 
were determined with the Cambridge Research Model 
pH-meter, urine being titrated to pH 7.4. In preparing 
food and feces for the determination of sodium and po- 
tassium, the “wet” ashing method was used (14) and 
determinations were made on the flame photometer. 
Serum and urine sodium, potassium, and chloride, and 
serum carbon dioxide and proteins were determined by 
methods previously reported from this department (15, 
16). Urine ammonia was determined by the method of 
Conway (17) and urine carbon dioxide by the Van 
Slyke manometric method (18). 


RESULTS 


The results of the analyses of serum are shown 
in Table I. In all studies concentrations of potas- 
sium in the serum fell as potassium depletion de- 
veloped. During the Depletion (K) periods of 
studies RW* and RW?, the hypokalemia was as- 
sociated with moderate increases in concentrations 
of bicarbonate. The highest concentrations 
reached were 29.5 mEq. per L. and 30.2 mEq. 
per L., respectively. This effect was abolished in 
study RW’ by the ingestion of 9 gm. of ammonium 
chloride on day 14 of that study, and in study RW? 
was modified by the the restriction of sodium 
intake in the Depletion (Na and K) period (days 
11 and 14). During the Reloading periods serum 
potassium concentrations returned to normal val- 
ues in both studies. 

In study JD the hypokalemia induced in the De- 
pletion (Na and K) period was not accompanied 
by an increase in serum bicarbonate (days 4 to 
11), nor did this occur when sodium was returned 
to the diet in the Depletion (K) period (days 11 
to 15), although serum potassium continued to 
fall. 

Serum inorganic phosphorus concentrations did 
not vary consistently. 

The daily excretion of electrolytes and the 
changes of urinary pH and body weight are shown 
in Table I. When potassium was withdrawn 
from the diet its excretion fell sharply at first but 
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shortly approached a more or less steady rate. 
In RW’? after three days of depletion it had fallen 
from 73 mEq. per day to 33 mEq., where it re- 
mained approximately for four days. In RW? it 
fell somewhat more slowly from 66 mEq., but 
seemed to be flattening out in the last three days 
to between 20 and 16 mEq. In both experiments 
withdrawal of sodium was attended by a further 
reduction of potassium excretion. Although the 
total quantities of potassium in the urine were 
small, the breaks in the excretion curve when so- 
dium was withdrawn are sharp enough to make 
them significant. Their significance is enhanced 
by the results of experiment JD. In this experi- 
ment the initial simultaneous withdrawal of so- 
dium and potassium resulted in a greater and more 
rapid reduction of potassium excretion than did 
withdrawal of potassium alone in the other ex- 
periments. After the first three days the excre- 
tion had fallen to 12 mEq. per day and for five 
days it varied from 12 to 7 mEq. When sodium 
was again given it rose to 17 mEq. At no time in 
any of these periods was the concentration of po- 
tassium in the urine less than that in the serum. 


The most outstanding features of the Depletion 
periods were that the urine became more alkaline 
and the excretion of bicarbonate tended to rise. 
This was true even in study JD in which serum 


carbon dioxide did not increase. The excretion of 
ammonia and titratable acid did not change sig- 
nificantly during the Depletion periods, but dur- 
ing the Reloading periods of studies RW? and 
and RW? ammonia excretion increased, resulting 
in an increased output of Total Acid (ammonia 
plus titratable acid). The administration of am- 
monium chloride on day 14 of study RW? in- 
creased ammonia excretion on that day but had no 
discernible effect on potassium excretion. 

During the Depletion (K) periods of studies 
RW* and RW? sodium and chloride excretion de- 
creased slightly. The balance data show that 
these ions were retained in the body in those pe- 
riods (Table IT). 

Phosphorus excretion decreased markedly dur- 
ing the Reloading periods of studies RW‘ and 
RW’. 

The external and internal balance data are 
shown in Table II. Fecal losses were taken into 
account in calculating the external balances of 
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TABLE II 


Balances of water and electrolytes 








External 


Extracellular Intracellular 





Period I K 


H20 Na K Na 





mEq. 
— 52 
—267 


Initial 
Depletion 
(K) 


Depletion — 63 
(Na and K) 
Reloading 


zE. nie. 
0 —49 
+2.6 +444 


mEq. 
-— 5 
— 5 


mEq. 

+195 
+125 
—1.0 


—146 + 1 : — 89 


+0.2 -—172 +26 : + 83 





Initial 
Depletion 
(K). 
Depletion 
(Na and K) 
Reloading 


rae ~ 94 
+409 wer 


—353 


+0.3 
+2.2 


—1.8 
+2.3 


+204 
+347 





Initial 
Depletion 
(Na and K) 
Depletion 
fi) 


KOS 
~0.2 


— 126 


— 194 +110 — 98 


+3.0 +547 —126 — 53 





electrolytes and nitrogen. The external balances 
of potassium have been corrected for nitrogen. 
Negative external balance of potassium occurred 
during the Depletion periods. The major part 
of these losses was provided from cell potassium. 
When sodium was present in the diet, potassium 
depletion resulted in marked retention of sodium 
in the extracellular compartment and expansion 
of this compartment in all studies (Depletion (K) 
periods). The expansion of the extracellular 
space was due chiefly to the transfer of cell water. 
Restriction of sodium intake prevented, or tended 
to abolish, these effects (Depletion (Na and K) 
periods). During the Reloading periods in stud- 
ies RW‘ and RW? large positive intracellular bal- 
ances of potassium occurred. 

The clearances of creatinine did not change sig- 
nificantly in any of the studies. The electrocardio- 
graphic records remained normal. Each subject 
experienced one attack of diarrhea in the Deple- 
tion (Na and K) periods, and the boredom of the 
diet produced irritability, fatigue, and difficulty 
in concentration. 


DISCUSSION 


Deficits of potassium amounting to 330 mEq., 
266 mEq., and 162 mEq., respectively, were in- 
duced in the three studies. The total exchange- 
able potassium of the body, which probably ac- 
curately reflects the metabolically active potassium 


pool (19), has been estimated to have a mean 
value of 46.3 mEq. per kg. of body weight (20). 
If this estimate is correct the subjects lost ap- 
proximately 9 per cent, 7 per cent, and 4 per 
cent of their exchangeable body potassium. While 
much larger deficits have been observed in ex- 
perimental studies in which depletion was induced 
by the ingestion of an ion-exchange resin (21), 
our results are comparable to those that others 
have obtained by dietary restriction (1, 2). 

Since potassium losses in the feces were small, 
the deficits were due almost entirely to losses in 
the urine. The longest Depletion period for potas- 
sium was 11 days. While the importance of re- 
nal leakage in determining depletion of body po- 
tassium has been stressed (4), the kidney is ca- 
pable of conserving potassium to a considerable 
extent (5). 
moted by restriction of sodium. 


This conservative process is pro- 
This is best il- 
lustrated in study RW, where the rate of excre- 
tion averaged 82 mEq. per day in the Initial pe- 
riod, and 9 mEq. per day on the last three days of 
None of the 
The dif- 
ference in the renal capacity to conserve sodium 


potassium and sodium restriction. 
subjects achieved potassium balance. 


and potassium is illustrated by the Depletion 
(Na and K) period of study JD. On the fourth 
day of that period sodium had virtually disap- 
peared from the urine, while considerable losses of 
potassium continued throughout the study. 
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It has been assumed that the small increase in 
serum bicarbonate recorded during the Depletion 
(K) periods of studies RW* and RW? represent 
a metabolic alkalosis, since it has been shown that 
in similar circumstances the CO, tension of alveo- 
lar air does not increase (1). The failure of al- 
kalosis to develop during the Depletion (Na and 
K) period of study JD may have been due to the 
smaller losses of potassium that occurred in this 
study, or to the depletion of body sodium and po- 
tassium (Table II). Darrow, Schwartz, Iannucci, 
and Coville have demonstrated the dependence of 
serum bicarbonate on cell composition (6). They 
showed that bicarbonate varied inversely with cell 
potassium and directly with cell sodium; and, 
furthermore, that for every 3 potassium ions dis- 
charged from the cells 2 sodium ions were gained. 
It has been suggested that hydrogen may replace 
the one-third of potassium not “covered” by so- 
dium (22). This theory envisages that the ex- 
tracellular alkalosis so determined is balanced by 
an intracellular acidosis. An alternative explana- 


tion of the alkalosis of hypokalemia was advanced 
following the demonstration by Berliner, Kennedy, 


and Orloff (23) that potassium and hydrogen are 
in competition for a common component of the 
distal renal tubular cation exchange mechanism. 
It was postulated that the alkalosis might be due 
to increased hydrogen excretion. The data pre- 
sented here show that during the development of 
the alkalosis associated with potassium depletion 
the urine became more alkaline, with increased 
excretion of bicarbonate and no increase in the 
excretion of acid. We feel that this is in direct 
contravention of the theory of the renal origin 
of the alkalosis, the development of which must 
involve shifts by way of the cellular ion-exchange 
mechanism. Other investigators have arrived at 
the same conclusion (1). 

Potassium depletion resulted in the retention of 
salt and water in the extracellular space. Corre- 
lation between creatinine clearance and these phe- 
nomena was not demonstrated. There is no 
reason for excluding the possibility of some re- 
mote effect of the cellular exchanges on reabsorp- 
tion of sodium by the kidney. The prompt reac- 
tion to the deprivation of sodium favors such a 
remote origin rather than a purely renal response. 

The sharp falls in the urinary excretion of phos- 
phorus during the Reloading periods in studies 
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RW’? and RW? may indicate that phosphorus was 
being retained in the body at those times. Since 
the serum inorganic phosphorus levels did not 
change consistently, some phosphorus may have 
entered cells with potassium. Retention of phos- 
phorus during the reloading of potassium-depleted 
subjects has been described by other workers 
(1, 2). 
SUMMARY 


1. In the normal human, restriction of potas- 
sium intake leads to a deficiency of the ion, chiefly 
due to urinary losses, although the kidney is able 
to conserve potassium to some extent. 

2. Conservation of potassium is promoted by 
restriction of sodium. 

3. Withdrawal of potassium is accompanied by 
a metabolic alkalosis and the production of a more 
alkaline urine. 

4. When sodium is present in the diet, potas- 
sium depletion results in the retention of salt and 
water in the extracellular space. These effects 
are prevented or abolished by sodium restriction. 
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The increasing use of prolonged Na restriction 
in the treatment of cardiovascular diseases in par- 
ticular, makes study of long-term Na balance 
pertinent. With diets which contain 2 to 7 mEq. 
Na per day, combined urine and stool losses aver- 
age 1 to 5 mEq. Na per day (1, 2). Therefore, 
over an extended period the loss of electrolyte 
through the skin might assume importance. Only 
two earlier studies were found relative to elec- 
trolyte losses of the entire skin, both after short- 
term Na restriction, namely 3 (3) and 14 (4) 
days. 

The data from Benedict’s classical study (5) of 
an individual who fasted for one month have 
relevance to any work on the physiological re- 
sponse to dietary restriction, but the metabolic 
effects of starvation are not directly applicable to 
those effected by limitation of only two dietary 
components—namely sodium and chloride. 

For almost seven years the authors of the 
present paper have been using a diet which con- 
tains about 6 mEq. Na per day in the study and 
treatment of patients with essential hypertension. 
On such a regimen combined urine and stool losses 
average 2 to 5 mEq. Na per day, and since no 
evidence of hyponatremia had been found in the 
absence of serious renal disease, it was reasonable 
to suppose that the patients were in Na balance. 
The current study was undertaken to quantitate 
the actual skin losses of several electrolytes on 
seven subjects who had been on the low Na regi- 
men for one to five months, during two collection 
periods of 7 and 3 days. Although interest was 
centered primarily on Na, Cl and K were meas- 
ured as well. 


MATERIAL 


The seven white adult subjects had been admitted to 
the metabolic wards of the Brookhaven National Labora- 


tory Hospital for studies relative to the hypertension 


1 This research was sponsored by the Atomic Energy 
Commission. 


research program. The pertinent clinical and labora- 
tory data on these patients are summarized in Table I. 
It will be seen that five of the patients, all females, had 
classical uncomplicated benign hypertension. In two 
(Di, Jo), the blood pressure had attained near-normal 
levels by the end of the six-week control period and be- 
fore Na restriction had begun. The male with malig- 
nant hypertension had had a bilateral lumbar sympa- 
thectomy in 1952 without significant effect on the course 
of his disease. This patient on admission had severe 
headaches, intermittent gallop rhythm, and impairment of 
renal function. The seventh subject, a female of forty- 
five, was a normal volunteer who underwent precisely 
the regimen of these hypertensive patients for a fifteen- 
week period. At the beginning of the first experiment, 
patient Bl had been on the low Na regimen for 150 days, 
patient Os for 40, and the remaining five for 26 days. 


PROCEDURE 
Diet; Urines 


All patients were on a diet accurately calculated and 
weighed daily with an intake of approximately 6 mEq. 
Na per day? (5.7+1.4 mEq.) by analysis of 18 daily 
diets. Restriction of Na to this amount allowed 45 to 
55 grams of protein per day in the food; the intake was 
therefore supplemented with the low Na protein foods 
Lesofac® # or Lonalac® in amounts sufficient to give a 
total of 1.5 grams protein per Kg. body weight per day. 
K and Cl were not included in the daily calculations and 
therefore their amounts were primarily dependent upon 
the limitations imposed by the low Na. Analysis of the 


2During the period of control, 10 gm. of enteric 
coated NaCl had been taken by each patient daily in ad- 
dition to this basic diet. 

3 These analyses were carried out at various times 
during the year preceding this experiment. Recently, 
after the completion of this study, analyses were done on 
six seven-day collections which were made during the 
period of June 6 to 28. The average value was 4.6 mEq. 
Na per day (range 4.3—4.7). The electrolyte content 
of vegetables will vary with the content in the soil in 
which grown (6) and the source of supply will of course 
vary with the season. Because the previous analyses were 
done over a longer period, it is believed that they are more 
representative of the average intake, and in this study the 
value of 6 mEq. per day has been assumed. 

4 Obtained through the courtesy of Wyeth & Co., Phila- 
del phia. 
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diets yielded an average of 70 mEq. K (range 30 to 100) 
and 12 mEq. Cl (range 9 to 15) per day. Thus the diet 
in effect provided a low Na, low Cl, normal K intake. 
All urines were saved, pooled for measurement of 24- 
hour volume, 200 ml. aliquots removed, and then pre- 
served with 1 ml. of concentrated H,SQ,. 


Experimental procedure 


Preparation of patients and clothing. On the first day 
of both experiments each patient had a shower using an 
ion-free detergent, Brij 35,5 and wash rag to scrub the 
entire skin and hair. This was followed by repeated 
rinses with distilled water after which the patient was 
dried with a towel previously washed in the above 
detergent and tap water. Closely fitting one-piece cot- 
ton underwear was then put on which extended to the 
wrists and ankles. Both underwear and wash rags had 
been extracted as follows: an initial wash in an automatic 
washer with tap water and Brij 35, rinsed thoroughly in 
0.1 NH,SO,, three rinsings of tap water, left overnight 
in acidified (with H,SO,) distilled water, then rinsed at 
least three times in distilled water and until the wash 
fluid had less than 0.04 mEq. Na per liter as tested by 
the direct technique on a Baird Model DB2 flame photom- 
eter. No K was found by the same method of testing. 
Over the underwear, loosely fitting cotton surgical pants 
and shirts tied at the wrists, ankles and neck were worn. 
Short white cotton sox and surgical turbans completed 
the outfit except for their individual foot gear. The 
pants, gown, sox and head coverings had been washed 
with Brij 35 in tap water but had not been chemically 
extracted. The shoes and slippers had not been treated 
in any fashion. 


Experimental periods 


Collections were made during two periods of seven 
and three days, the end of the first and start of the 
second being separated by eleven days. Until completion 
of each of the experimental periods, none of the garments 
were removed except the shoes at night. The patients 
were instructed as follows: 1. The hands and face could 
be washed as necessary with tap water and a 1: 500 solu- 
tion of Brij 35; 2. After each bowel movement, and uri- 
nation in the females, the perineal urea was to be washed 
with Brij 35 and rinsed with distilled water; 3. No 
beauty aids, deodorants, or other toilet preparations could 
be applied; 4. Normal activities could be maintained in- 
cluding outdoor strolls and occupational therapy projects 
providing no frank sodium contamination was involved 
(e.g., clay modeling or washing clothes with soap or 
high-sodium detergents was not allowed); 5. Vigorous 
exercise was to be avoided. The patients were highly 
cooperative and individually interested in these studies 
and it is believed maximal attempts were made to live 
up to these stipulations. 

Ward temperatures were maintained at 72 to 74° F. 
during the day and from 65 to 68° at night. After the 


5 Donated by the Atlas Powder Co., kindness of S. J. 
Dumovich. 
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studies were completed, it was found that the average 
maximal daily temperatures outside averaged 50.7° F. 
and 62.6° F. during the seven and three-day studies, 
respectively. 


Collection of samples 


(a) Bath water. At the end of each experimental pe- 
riod, the perineal area was washed as described previously 
and washings discarded. Thereafter the washing pro- 
cedure was carried out under direct supervision by one of 
the authors or a thoroughly trained nurse. The outer 
garments including foot gear, sox, turbans, shirts and 
pants were removed and not used in the subsequent 
analyses. Before removing the underwear, the face, 
neck, hands and feet were washed with Brij solution, 
rinsed with distilled water, and the washings discarded; 
it had been decided previously that contamination of 
these areas during the studies could not be prevented 
and therefore they were eliminated from the calculations. 
The underwear was then removed and placed in a clean 
wax bag. For collection of bath washings, a chemically 
clean stainless steel tub slightly over two feet in all 
diameters was provided, with a special drain from which 
all wash fluid went directly into collecting bottles. Using 
sponge bath technique, each patient washed the entire 
body including scalp with the Brij solution and a wash 
rag previously extracted in the manner used for under- 
wear. Three complete rinses with distilled water fol- 
lowed after which the patient methodically wiped the 
inside of the tub with the wash rag which was then 
placed in the bag with the underwear. The empty tub 
was thoroughly rinsed with 0.1 N H.SO,, followed by 
distilled water, and these rinses added to the bath water. 
After mixing, the total volume was measured and for 
the group averaged 4.7 liters. Two hundred ml. aliquots 
were preserved with 1 ml. of concentrated H,SQ,. 

(b) Extraction of underwear and wash rags. These 
items were treated individually by an initial extraction 
with Brij solution, then three extractions with 0.1 N 
H,SO, at which time the washings uniformly had not 
more than 0.04 mEq. Na per liter and no K, tested in 
the same fashion as before. All of these extracting solu- 
tions for each patient were pooled, the volume measured, 
and analyzed separately from the bath water so that if 
widely disparate results in the analysis of bath and ex- 
tracting solutions had occurred, evidence of contamination 
would have been suggested. The volumes of the extrac- 
tion fluids averaged 5.6 liters for the group. Aliquots 
were removed and preserved in the usual fashion. 


Methods 


Sodium and potassium. Na and K analyses were made 
with a Baird Model DB2 flame photometer using an in- 


ternal lithium standard. Recovery experiments re- 
peatedly gave maximal errors of 1 per cent. Depend- 
ing upon the concentration of Na or K in the samples, 1 
to 40 ml. of solution diluted to 100 ml. were analyzed in 
duplicate, with recalibration of the instrument against 
standard solutions at least every second sample. 
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Chloride. The Van Slyke and Hiller modification (7) 
of Sendroy’s method (8) with the nomogram of Van 
Slyke (9) for solubility corrections of Ag IO; was used; 
because of the low pH of the solutions (1.5 to 2.0) from 
the H,SO, preservative, upon the advice of Dr. D. D. 
Van Slyke, no H,PO, was added. Furthermore, because 
of the low chloride in most solutions, 25 ml. aliquots 
were precipitated. All analyses were done in a constant 
temperature room maintained at 20° C. Experiments 
with standard added to these solutions gave 98.3 to 100.5 
per cent recovery (99.4 per cent average) but as a further 
check on reagents and method, standard solutions were 
analyzed at the beginning and end of each day’s titrations. 


OBSERVATIONS 


The primary data on skin and urine losses of 
Na, K, and Cl are shown in Table II. 


Sodium—S kin 


It may be seen that despite variation within the 
group, daily loss of Na from the skin in all indi- 
viduals was low, ranging from 0.09 to 2.59 mEq. 
(line 12) but with the majority about 0.5 to 1.5 
mEq. per day. The highest daily losses in both 
seven and three-day experiments (1.41 and 2.59 
mEq., respectively ) were in the smallest individual 
(Ke) and the lowest values (0.09 and 0.38 mEq., 
respectively) in the one patient (Os) with malig- 
nant hypertension. Skin losses in the normal con- 
trol patient (De) were roughly half way (0.28 
and 0.99 mEq. per day) between the lowest values 
and the mean (0.80 and 1.70 mEq. per day) of 
the five patients with essential hypertension, as 
well as being less than losses of any individual 
among those five. That significant contamination 
did not occur in these experiments is suggested by 
the generally low total values for Na as well as by 
the lack of striking disparity between Na values 
for bath and underwear (lines 9 and 10). 


Sodium—U rine 


Urinary excretion of Na is summarized in lines 
13 and 14. With the exception of patient Os with 
malignant hypertension, the values found were 
within the range observed in hypertensive patients 
during the past six years on this same regimen, 
namely about 1 to 4 mEq. per day. The value of 
7 mEg. per day shown by patient Di during the 
three-day experiment lies within the range of day- 
to-day fluctuation in the urinary excretion of Na 
in patients maintained on a constant low Na in- 
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take. The normal control did not differ from the 
five patients with essential hypertension in her 
ability to conserve Na on a restricted intake. Pa- 
tient Os, with serious renal disease, excreted an 
average of 10 and 22 mEq. per day in these two 
experiments. It may be recalled that this pa- 
tient was shown to lose phenomenally small 
amounts of Na from the skin—considerably less 
than the six subjects with good renal function. 
By contrast, patient Ke, who had the largest skin 
loss of Na, had the smallest urinary loss (1.07 and 
0.77 mEq. per day). 


Potassium—S kin 


In general, the findings paralleled closely those 
described above for Na. Potassium loss was only 
slightly greater than that of Na with a range of 
0.08 to 2.69 mEq. per day (line 20) in the group. 
The five patients with essential hypertension av- 
eraged 1.1 and 1.9 mEq. per day, the normal con- 
trol 0.42 and 0.79 mEq. per day, and patient Os 
0.08 and 0.23 mEq. per day with the seven and 
three-day experiments, respectively. Thus, ranked 
by absolute daily losses, the seven members were 
distributed in the same order found for Na loss in 
skin. And again, patient Ke had the greatest loss 
in both experiments, as patient Os had the least. 


Potassium—Urine 


The K intake of 30 to 100 mEq. per day is re- 
flected in the large urinary excretions shown in 
lines 21-22 and did not appear to be correlated 
with the condition of individual patients. 


Chloride—S kin 

The previously described low values for Na and 
K skin loss were imitated by those for Cl in that 
only 0.29 to 1.71 mEq. per day were measured 
(line 28). The five patients with essential hyper- 
tension were grouped closely about an average of 
0.8 and 1.4 mEq. per day with the control slightly 
lower (0.47 and 0.91 mEq.) and patient Os, low- 
est, with 0.29 and 0.63 mEq. per day. 


Chloride—Urine 


Except for the three-day period with patient 
Os, excretion was from 6.20 to 12.57 mEq. per 
No definite correlations with clinical status 


day. 
were evident. 
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Since the data are plotted logarithmically, constant ratios will be on parallel straight lines. 
will have lower ratios than that indicated by the line, and points above a line, higher ratios. 


K 
Graph ==>. 
and Graph D all 


Na+K 


, 


Graph B= Na/Cl, Graph C= 





uw &UIANRBoOO 


‘ee 


2 
Na 
(meq/d) 








I a a ee 
02 030405 0709 
CL (meq/d) 
e 





T ee eB i | 


2 


K 
(meq/d) 


o 7 DAYS 
e 3 DAYS 








ae eS SET 
02 G3 0405 07 09 


Cl(meq/d) 
D 





! 1 Ree! 
3 45678910 


Ratios oF CONCENTRATIONS OF Datty ELECTROLYTE Loss FROM SKIN 


Points below any line 
Graph A=WNa/K, 


The two numerical ratios, shown in Graph B, are the ranges quoted by Robinson (14) for normal sweat values. 


Balance data 


In Table III, balance calculations for Na and 
Cl on this group have been made using stool ex- 
cretion data from previous similar experiments 
(1, 2). Because of the wide variations possible 
in intake, balance calculations were not made for 
K. It will be seen that all of the patients were 
in approximate Na balance with the exception of 
patient Os, and the three-day period in patient 


Di, whose long-term balance was positive as in- 
dicated by urinary excretion and plasma Na. The 
negative balance of Os will be noted under cor- 
RELATIONS and requires no amplification. The 
intake data for chloride are less reliable than 
those for Na since Cl intake was dependent solely 
upon the limitation imposed by the Na restriction. 
Although several patients show slight negative 
balances for these short-term studies, with the ex- 
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ception of Os, there was no long-term evidence of 
such as indicated by urine excretion or significant 
decrease in plasma Cl. 


CORRELATIONS 


In the accompanying graphs the electrolyte ra- 
tios “ . aE , ‘ats - and = for the skin col- 
lections are plotted, and considering the small ab- 
solute amounts involved, the ratios in the two ex- 
periments were in surprisingly good agreement for 

Na Na 
The kK and rol 
much more closely approximate those found in 
sweat after Na restriction (1), and the admini- 
stration of adrenal control hormones (10-12) than 
those which might be expected to come through 
the skin by diffusion of extracellular fluid with in- 
sensible perspiration. 

Measurements of both plasma Na and Cl made 
five and eight days after the completion of the 
seven and three-day periods, respectively, showed 
no statistically significant changes from the con- 
trol values, except in patient Os with impaired 
renal function: in him plasma Na and Cl levels 
immediately before Na restriction were 142.5 and 
100.2 mEq. per liter, respectively. Ten days later 
they were 135.8 and 86.2 mEq. per liter. The 
values after the two studies were: 7 days—Na 
123.5, Cl 84.3; 3 days—Na 129.7, Cl 85.2 mEq. 
per liter. The patient had received a total of 288 
mEq. added NaCl orally by the time of the last 
plasma chloride study. With this single excep- 
tion it may be said that the low skin losses of Na 
and Cl were not associated with a chronic decrease 
in extracellular concentrations. 


any single individual. ratios 


DISCUSSION 


These observations have shown that quite small 
amounts of Na, Cl, and K were lost through the 
skin under the conditions of this experiment. 
From the data of DuBois and DuBois (13), it 
was estimated that the areas not included by the 
present study amounted to approximately 15 per 
cent of the total body surface. It is not possible to 
state this fraction’s contribution to the total elec- 
trolyte loss, but addition of 15 to 25 per cent over 
the listed values would not affect the interpre- 
tations, nor would calculations based on loss per 
unit of surface area. These data indicate that the 
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minimal dermal loss of about 0.2 mEq. Cl per hour 
quoted by Robinson and Robinson (14) for nor- 
mal individuals was diminished to levels of 
roughly 0.01 to 0.1 mEq. per hour in these pa- 
tients. There are very few previous studies with 
which the present data may be compared, since 
interest has centered largely on the electrolyte 
losses associated with sweating after exercise or 
exposure to heat (e¢.g., 12, 15, 16, 17). In this 
group, neither of these factors was important 
since gross sweating did not occur. Indeed, it 
is questionable whether the quantities measured 
here represent the electrolytes of sweat or those 
salts which came through the skin in association 
with insensible perspiration as well as from des- 
quamated epithelial cells and sebaceous secretion 
(18). 
Na 
Cl 
ratios than diffusion products. But, whether the 
loss of electrolytes came chiefly from unnoticed 
perspiration, or via so-called insensible perspira- 
tion, it is evident that such loss is low, and except 
for Benedict’s fasting patient (5), generally lower 
than previously reported (3, 4, 18). It seems fair 
to conclude, then, that at least in the absence of 
marked sweating, skin losses of these electrolytes 
on this regimen may usually be disregarded, even 
after considerable periods of restriction. 

It is of interest that the absolute amounts of 
electrolytes washed from the skin in both experi- 
ments were very similar in any single individual ; 
when calculated on a per diem basis, the losses of 
the three-day experiment of course exceeded those 
in the seven-day study. There is evidence that 
with rise in skin temperature more chloride is ex- 
creted in the sweat at least (19) ; since skin tem- 
perature is partly a function of the ambient tem- 
perature, it is possible that the mean increase of 
12° in maximal outside temperatures accounted 
for the larger daily excretion of electrolytes in the 
shorter experiment, either as the result of un- 
noticed sweat in small amounts or by diffusion 
with insensible perspiration (18). Another in- 
triguing possibility, however, is that the electro- 
lytes were reabsorbed through the intact skin by 
a process the reverse of that which occurs when 
the electrolytes diffuse outwards during insensible 
perspiration. 

Several preliminary experiments which were 


Na 
As noted under CORRELATIONS, the x and 
< 


ratios, at least, are more suggestive of sweat 
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done with Na** to test this conjecture indicated 
quite clearly that sodium could be absorbed 
through intact skin. If this is true for Na, it may 
be true for other electrolytes as well. No evi- 
dence is available to indicate whether such absorp- 
tion occurred via the sweat glands or directly 
through the skin. From this, however, the thesis 
emerges that in the absence of frank sweating at 
some dermal concentration of electrolyte, which 
concentration may vary perhaps with both body 
location and individual, reabsorption would begin 
and continue until the excess electrolyte was 
removed. 


SUMMARY 


1. The loss of Na, K, and Cl from the skin has 
been measured in seven patients—six hyperten- 
sives and one normal—all of whom had been on a 
low Na, low Cl, normal K diet for periods ranging 
from 26 to 150 days when the experiments began. 

2. The measured losses amounted to 0.09 to 
2.59 mEq. per day, 0.08 to 2.69 mEq. per day, 
and 0.29 to 1.71 mEq. per day for Na, K, and Cl, 
respectively. 

3. Among the seven patients the one with malig- 
nant hypertension lost the smallest amounts of 
these electrolytes from the skin; the normal con- 
trol had values roughly mid-way between the ex- 
tremely low values of that patient and the greater 
losses of the five patients with essential hyper- 
tension. 

4. The data indicate that despite the rigid 
dietary restrictions, electrolyte balance was pos- 
sible among the six members with good renal 
function. 

5. The skin washings for the seven and three- 


day periods contained very similar amounts of 
electrolytes. Therefore, it was proposed that at 
some unknown concentration on the skin surface, 


reabsorption of electrolyte might begin and con- 
tinue until the usual situation had been rees- 
tablished. 
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The evidence of oxidative processes in the lung 
is conflicting. As early as 1897, Bohr and Hen- 
riques (1) observed in animals that the volume of 
oxygen transported through the lungs was some- 
times less than the oxygen uptake and concluded 
that some oxygen must be utilized in the lungs. 
Evans and Starling (2) studying metabolism in 
heart-lung preparations on the other hand found 
no evidence of oxidation in the lungs under nor- 
mal oxygenation or during extreme oxygen lack. 

In connection with pulmonary metabolism at- 
tention has been directed to lactic acid, because it 
is oxidized only under aerobic conditions. If the 
disappearance or the reduction of the circulating 
lactic acid during passage through the pulmonary 
circuit were established, it would seem that a 
fraction of the oxygen uptake must be used in the 
lung to this effect. 

Eppinger and Wagner (3) perfused lungs with 
blood-saline mixtures and found that lactic acid 
disappeared. Evans, Hsu, and Kosaka (4) how- 
ever, found that the lung actually contributed lac- 
tate to the blood in heart-lung preparations. Al- 
pern, Simonson, Sirkina, and Tutkiewitsch (5) 
observed in dogs that the lactic acid and glucose 
content of the right heart blood were markedly 
higher than the levels in femoral artery blood af- 
ter exercise. Rosenbaum (6) found that venous 
blood of anesthetized dogs contained more lactic 
acid than arterial blood, and that the difference 
increased during periods of oxygen deficiency. 
Rein (7) showed in dogs that intrapulmonary 
disappearance of lactate occurred less frequently 
and to a lesser extent when the liver was shunted 
Beatty (8) found 


out of the vascular system. 
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in dogs that venous blood averaged three mgm. 
per cent more lactic acid than arterial blood, and 
the difference rose to 24 to 36 mgm. per cent fol- 
lowing hemorrhage. Goodale, Lubin, 
Eckenhoff, Hafkenschiel, and Banfield (9) dem- 


onstrated no difference in the lactic acid content 


severe 


of arterial and venous blood in anesthetized dogs 
with normal oxygenation. Bucherl and Schwab 
(10) maintained dogs in shock by phlebotomy 
and found that during the subsequent hypoxia 
lactic acid usually disappeared in passage through 
the lungs, though under normal oxygenation no 
such difference was demonstrable. Halmagyi, 
Reinbold, Felkai, and Ivanyi (11) studied 19 
humans with various diseases at rest under basal 
metabolic conditions and found some disappear- 
ance of lactic acid in the lungs in the majority. 
In summary, the evidence in favor of a metabolic 
action of the lung upon circulating lactic acid is 
still open to question. 

In this paper are presented data indicating that 
in man at rest, during exercise, and in a state of 
acute induced hypoxia or of pathologically caused 
chronic hypoxia, there is no significant difference 
in the lactic acid content of blood entering and 
leaving the lungs. Since the of the 
method used for the determination of lactic acid 


accuracy 


in whole blood is of primary importance in ar- 
riving at a correct conclusion concerning this 
problem, considerable attention has been given to 
details of the method employed. 


TECHNIQUES 
A. Determination of Lactic Acid in Whole Blood 
(a) Discussion of the method of Barker and Summerson 


Barker and Summerson (12) described a method for 
the determination of lactic acid which is now in wide use. 
By their procedure, a sample of blood is added to cold 
trichloroacetic acid for precipitation of blood proteins. 
Carbohydrates and other interfering substances are next 
removed with cupric and calcium hydroxides, and the 
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lactic acid oxidized to acetaldehyde by heating with con- 
centrated sulfuric acid for five minutes in a boiling 
water bath. The p-phenylphenol reagent is added to 
produce a violet color the intensity of which is measured. 

Early in our studies when whole blood was analyzed 
according to this procedure, duplicate samples checked 
poorly and results were between 0.5 and 2.0 mgm. per 
cent, whereas the accepted normal values for whole 
blood of resting humans are in the range of 5 to 15 mgm. 
per cent. Two sources of difficulty were found which 
helped to explain the low results. 

The first occurred in the removal of blood proteins. 
Whole blood forms a copious sticky brown precipitate 
with cold trichloroacetic acid. When 5 to 15 mgm. per 
cent of lactate was placed in 10 per cent trichloroacetic 
acid and carried through the procedure without the ad- 
dition of blood, the recovery was 100 per cent, duplicate 
samples checked well, and similar values were obtained 
on repeated determinations. But when 4 mgm. per cent 
of lactate standards was placed in trichloroacetic acid and 
blood added, recovery of lactate was only 60 to 75 per 
cent at a ratio of one part of blood to four of precipi- 
tant, and about 85 per cent when one volume of blood 
was added to 10 volumes of trichloroacetic acid. Barker 
and Summerson, however, obtained recoveries of 95 
to 105 per cent with a blood-trichloroacetic acid ratio of 
one to ten. Hemolysis of blood in distilled water con- 
taining 4 mgm. per cent of lactate standard before the 
precipitation of proteins did not improve the recovery, 
nor did the dropwise addition of trichloroacetic acid to 
blood instead of the addition of blood to trichloroacetic 
acid. The inability to recover lactic acid quantitatively 
from whole blood was considered probably due to in- 
clusion and adsorption of the lactic acid by the pre- 
cipitating blood proteins, since results were good if 
the protein precipitation was eliminated and because a 
greater ratio of precipitating agent to blood resulted in 
improved recoveries. 

The second difficulty arose in the oxidation of lactic 
acid to acetaldehyde with sulfuric acid. The amount of 
heating in the boiling water bath after addition of sul- 
furic acid was found to be a critical factor. The maxi- 
mal depth of color occurred when samples were heated 
2.0+0.5 minutes. A shorter period of heating resulted 
in a fainter color, presumably due to incomplete oxida- 
tion of lactic acid to acetaldehyde. Longer heating re- 
sulted in a progressively paler color, and this fading oc- 
curred regardless of whether or not the test tubes were 
covered, so that volatilization of acetaldehyde was ap- 
parently not the cause of the loss. It seems likely that 
part of the acetaldehyde is further oxidized upon pro- 
longed heating, gives no color with p-phenylphenol, and 
therefore, results are Standards analyzed along 
with blood samples were affected in the same way, so 
that by comparison of unknown with standards the val- 
ues obtained were suitably corrected. It is desirable, 
nevertheless, to measure the maximum intensity of color 
because sensitivity is greater and an additional source of 
error is thereby eliminated. However, Barker and Sum- 


low. 
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merson state that the period of heating is not critical and 
may vary between three and ten minutes. Mendel and 
Goldscheider (13) who earlier made some observations 
on the oxidation of lactic acid with sulfuric acid, found 
that four minutes were required to achieve maximum 
aldehyde formation which was then unchanged on heat- 
ing as long as eight minutes. Russell (14) reported 
that some lots of concentrated sulfuric acid gave too 
little color formation in the Barker-Summerson proce- 
dure, and these were found to contain traces of nitrate or 
nitrite ions by the ring test with ferrous ammonium sul- 
fate. Our sulfuric acid and copper sulfate reagents did 
not give a positive ring test. The conditions for oxida- 
tion of lactic acid with concentrated sulfuric acid have 
long been recognized as critical (13). It is difficult to 
know whether the difference in results may be due to 
contaminants or to slight variations in the conditions or 
reagents. It is suggested that before any determinations 
are done, samples containing identical amounts of lactic 
acid be heated with sulfuric acid in boiling water for 
varying lengths of time between one and eight minutes. 
In this way the range and optimal time of heating can 
be determined for any given set of reagents and condi- 
tions. The same test should be done each time a new 


lot of reagent, especially sulfuric acid, is introduced. 
Whatever method is used, the efficiency of recovery of 
lactic acid added to blood samples also should be checked 
before unknown samples are analyzed. 


(b) Description of modified method 


The following procedure incorporates changes in the 
Barker-Summerson method to avoid the difficulties men- 
tioned. Whole blood is first hemolyzed in water, then 
cupric sulfate and calcium hydroxide are added which re- 
move most of the blood proteins as well as carbohydrates 
and other interfering substances. The remaining pro- 
tein is precipitated with trichloroacetic acid. The rest 
of the procedure is unchanged except that the period of 
heating of lactic acid with sulfuric acid is shortened. 
Recovery of 4 mgm. per cent of added lactic acid is 100 
+5 per cent, which is the error of the method. 

Handling of samples. Duplicate blanks, duplicate 
standards, and duplicate or triplicate samples are done. 
Whole blood is collected in a syringe and 5 ml. is de- 
livered immediately through a No. 20 needle into a 250 
ml. Erlenmeyer flask containing 95 ml. of cold distilled 
water. 

Separation of lactic acid. A 4 ml. aliquot of the 
aqueous blood mixture is immediately placed in a clean 
dry 18 by 150 mm. Pyrex test tube, and one ml. of 10 
per cent copper sulfate added from a pipette. A brown 
precipitate forms slowly. The test tube is shaken and 
0.5 Gm. of calcium hydroxide is added with a porcelain 
spatula. The tube is agitated vigorously, then allowed to 
stand at least 30 minutes with occasional shaking to as- 
sure thorough mixing of the olive-green precipitate. It 
may stand indefinitely at this point if stoppered. 

The sample is centrifuged at 1,500 to 2,000 r.p.m. for 
five minutes, the supernatant carefully poured into an- 





THE FATE OF CIRCULATING LACTIC ACID IN THE HUMAN LUNG 


other dry test tube and again centrifuged for five minutes. 
A 2 ml. pipette is half-filled with supernatant and ro- 
tated for two minutes to rinse. A measured 2 ml. ali- 
quot is taken up in the same pipette and transferred to 
another dry test tube. The precipitate from the sur- 
face film that remains after centrifuging must not be 
included. One-half ml. of 50 per cent trichloroacetic 
acid is added from a pipette and the test tube shaken thor- 
oughly. After centrifuging for five minutes, a one ml. 
pipette is filled with supernatant and rotated for two 
minutes to rinse. A measured 1 ml. aliquot is taken 
in the same pipette and then transferred to a tube suitable 
for spectrophotometric measurements. 

Oxidation of lactic acid. The test tube is cooled in an 
ice bath, and 6 ml. of concentrated sulfuric acid is added 
slowly dropwise from a pipette or fine-tipped burette with 
vigorous shaking. The tube is placed in a water bath 
at approximately 25° C. for five minutes, heated in a boil- 
ing water bath for exactly two minutes, then cooled in 
the 25° C. water bath for five minutes. 

Color development and measurement. Two drops 
each of 4 per cent copper sulfate and p-phenylphenol 
reagent are added and the test tube immediately shaken. 
It is kept in a water bath at approximately 25° C. for 
at least 30 minutes with occasional agitation, but with- 
out shaking during the final five minutes. The tube is 
placed in a boiling water bath for exactly 90 seconds, 
then cooled in the bath at 25° C. for five minutes. Sam- 
ples are measured at a wave length of 560 mu. In com- 
parison with distilled water, the transmittancy of the 
blank should be 80 per cent or more, and duplicate sam- 
ples should check within 1.5 to 2 per cent. 


(c) Miscellaneous information on the procedure 


1. Syringes calibrated to deliver 5 ml. of blood are 
lubricated with one drop of parafin oil and stored in a 
refrigerator. No anticoagulant is used. 

2. Stoppered Erlenmeyer flasks are stored in a re- 
frigerator. 

3. Samples stored in a refrigerator after blood is 
added to cold distilled water increase in lactate content, 
presumably due to conversion of blood glucose to lac- 
tate. A sample analyzed immediately after collection was 
found to contain 5.3 mgm. per cent of lactic acid and 
when re-analyzed 48 hours later had risen to 10.1 mgm. 
per cent. It is essential, therefore, to complete an 
analysis promptly. 

4. The trichloroacetic acid is freshly prepared each 
week and stored in a refrigerator. An old solution tends 
to give a higher blank. 

By a comparative set of analyses the results were 20 
per cent higher when the addition of trichloroacetic acid 
was omitted, presumably due to interference by the pro- 
tein remaining in solution. 

5. P-phenylphenol precipitates when added to con- 
centrated sulfuric acid and slowly dissolves with stand- 
ing and agitation. To prepare the reagent, Eastman 
chemical No. 2174 was ground in a clear glass mortar; 
1.5 Gm. was placed in a 100 ml. volumetric flask with 
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0.5 per cent sodium hydroxide and dissolved in a boiling 
water bath, cooled, and refrigerated in a brown bottle. 
There may be slight turbidity and a pink color. 

6. Pfanstiehl zinc lactate, Zn(CH,CHOHCOO),.: 
2H.O, was heated four hours at 110° C. to remove the 
water of crystallization, stored in a desiccator with cal- 
cium chloride, and weighed as a standard when needed. 
The stock solution is stored in a refrigerator and freshly 
prepared every two months. 

A calibration curve is constructed from data obtained 
by carrying suitable dilutions of the stock solution through 
the procedure. In the range under consideration, 0 to 12 
mgm. per cent of lactic acid in whole blood, a straight 
line is obtained if lactic acid concentration is plotted 
against log per cent transmittancy of the colored solu- 
tion. At greater concentrations the intensity of the 
color is not strictly proportional to lactic acid concen- 
tration, but samples may be measured after dilution with 
concentrated sulfuric acid. 

7. Baker reagent grade chemicals were used except 
as noted, and color measurements made with a Cole- 
man Model 6A Junior spectrophotometer. 

8. Cleansing tissues are used for wiping pipettes, and 
Dreft for cleaning glassware. Dirty test tubes are first 
cleaned with a brush, then let stand with hydrochloric 
acid to dissolve adherent reagents. 

9. Dust, dirt, chromic acid cleaning per- 
spiration, skin surfaces, and fingerprints are reported to 
interfere in the method. 

10. Meticulous attention to detail is essential. 


solution, 


B. Collection of Samples 

Cardiac catheterization was performed on 17 fasting 
patients under basal conditions. Blood samples were col- 
lected simultaneously from the pulmonary artery or 
right ventricle and the brachial artery during determina- 
tions of cardiac output, while the patient was in a steady 
state. Measurements were made at rest, during mild 
exercise with foot pedals which increased the oxygen 
uptake by 100 to 200 per cent after a steady state had 
been reached, and under conditions of acute hypoxia 
produced by breathing nitrogen-oxygen mixtures con- 
taining 11 to 16 per cent of oxygen, during a period not 
shorter than 20 minutes. 


RESULTS 

Tables I and II give data from 12 patients with 
normal arterial oxygen saturation, some of whom 
had cardiopulmonary disease and others had no 
disease. Table III lists the results of similar ob- 
servations on five patients with moderate or se- 
vere chronic arterial oxygen unsaturation sec- 
ondary to cardiopulmonary disease. In every in- 
stance the lactic acid content of the simultaneous 
mixed venous and arterial blood samples was the 
same within the limits of error of the analytical 
method, + 5 per cent. 
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TABLE I 


Determination of lactic acid in simultaneous arterial and mixed venous blood samples in four subjects without hypoxia 











Lactic acid at rest Lactic acid after exercise 


Art.O2: Mixed Art. Art.O2 Mixed Art. : 
sat. ven. bl. bl. Difference sat. ven. bl. bl. Difference 
Diagnosis % mgm. To mgm. % mem.% Q% % mgm. % mgm. % mgm. % % 











Hypertensive H.D. 94 11.9 11.4 —0.5 4. 96 19.6 20.0 +04 2.0 
Idiopathic myocar- 

ditis, C.H.F. 98 9.9 10.1 +0.2 2. 96 12.4 11.8 —0.6 . 
Hypertensive H.D. 96 8.6 9.5 +0.9 9. 94 9.3 10.3 +1.0 10.2 
Minimal pulm. tbe. 98 13.4 —0.9 6. 99 15.3 15.3 0 0 


Average 97 11.2 11.1 : ; 14.2 14.4 +0.2 4.3 








TABLE II 


Determination of lactic acid in simultaneous arterial and mixed venous blood samples in 
eight subjects during induced hypoxia 





Lactic acid at rest Lactic acid during induced hypoxia 


Art.O2 Mixed Art. Art.O2 Mixed Art. 
sat. ven. bl. bl. Difference sat. ven. bl bl. Difference 
Y, y Y, Cy A 


Diagnosis o// mgm. J mem. % mgm. % % % mem. J mem. % mem. % 7% 








Chronic pulm. 

emphysema 95 : . +0:2 2.6 4 9.7 
Chronic pulm. 

emphysema } ; +0.3 3.1 Z 9.8 
Post-pneumonec- 95 ‘ . +1.1 11.6 ; 12.8 

tomy } : 0 0 3. 8.4 
Normal 97 $; 5.5 +04 7.5 j 6.5 
Minimal pulm. tbc. . ; +0.9 10.0 4 13.8 
Chronic pulm. 

emphysema 95 , —0.2 1. r 9.9 
Normal 95 4.9 : —0.3 6. i 6.3 
Normal 98 8.0 , +0.1 1. y 15.4 


nN 


OFF w2H SON © 
wu 


co noo 


Average 7.8 8.1 +03 5. ud 10.3 


to 








TABLE III 


Determination of lactic acid in simultaneous arterial and mixed venous blood samples in 
jive subjects with chronic hypoxia 





Lactic acid at rest Lactic acid during induced hypoxia 


Art.O2: Mixed Art. Art.O2 Mixed Art. 
sat. ven. bl. bl. Difference sat. ven. bl. bl. Difference 


Diagnosis Y mem. % mem. % mem.% % % mem. %o mem. % mem.% % 











Chron. pulm. emphys. 

Cor pulmonale : 5. 5.8 0 0 
Chron. pulm. emphys. rf +0.1 1.5 
Art. scl. H.D., 

C.H.F. ; 8 0 O 
Silicosis ; chron. 

pulm. emphys. 

Chron. fibrotic 
tuberculosis 


Average 








THE FATE OF CIRCULATING LACTIC ACID IN THE HUMAN LUNG 


DISCUSSION 


The question of intrapulmonary metabolism 
is significant, because it is directly related to the 
measurement of cardiac output. The best pres- 
ent-day method for the determination of cardiac 
output in the steady state is by the Fick prin- 
ciple from oxygen uptake and arteriovenous oxy- 
gen difference during cardiac catheterization. 
However, the disappearance of lactic acid dur- 
ing passage through the lungs, reported by other 
investigators both in the resting state and under 
conditions of hypoxia or after exercise would 
suggest oxidation of this metabolite there. If the 
oxygen uptake in the lung of a subject is partly 
consumed in the pulmonary oxidation of lactic 
acid, calculated cardiac outputs would then be 
too high because according to the Fick principle, 
it is assumed that all the oxygen uptake is trans- 
ported to the blood, and is identical to the oxygen 
consumption in the tissues. If it were not so, a 
large error in computing figures of cardiac output 
would obtain. For example, let us suppose that 
a patient has an oxygen consumption of 300 ml. 
per minute, an arteriovenous oxygen difference 
of five volumes per cent, and that 3 mgm. per 
cent of lactic acid disappears during passage 
through the lungs and is completely oxidized 
there. 


CHsCHOHCOOH + 30, — 3CO: + 3H:0 


Then 3 mgm. per cent X 41.66 (the real blood 
flow, see below) or approximately 120 mgm. of 
lactic acid disappears per minute, which is equiva- 
lent to 128 mgm. or 90.7 ml. of oxygen. 


Calculated cardiac output 
O,2 used 300 
= Dae = eim = 6,000 ml. per min. 
A-V diff. 5/100 oe 
Real cardiac output 
300 — 90.7 
= — ann = 4,166 ml. per min. 
5/100 al 
The calculated cardiac output would then be ap- 
proximately 50 per cent too high in that instance. 
Since our data show no evidence of the disap- 
pearance of lactate in the lung, no doubt is cast 
concerning the validity of measurements of cardiac 
output under these conditions. Although Bolt 
(15) found the arterial and venous content of 
pyruvate to be identical in 15 humans with and 
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without cardiopulmonary disease, as did Goodale 
and his co-workers (9) in dogs, the possibility re- 
mains nevertheless that other metabolites may be 
oxidized in the lung, and any pulmonary oxidative 
process would vitiate cardiac output measured 
according to the Fick principle. To date no such 
evidence is available. 


SUMMARY 


1. The Barker-Summerson procedure for the 
determination of lactic acid has been modified for 


use with whole blood. 
2. The sample is hemolyzed in water, and car- 
bohydrates and most of the blood proteins are re- 


moved with cupric and calcium hydroxides. The 
remainder of the protein is precipitated with tri- 
chloroacetic acid. The period of heating with sul- 
furic acid in a boiling water bath for oxidation of 
lactate to acetaldehyde is shortened from five to 
two minutes. 

3. Seventeen patients with and without cardio- 
pulmonary disease were studied at rest, during 
mild exercise, and in acute hypoxia. Simultane- 
ous blood samples from the right heart and the 
brachial artery invariably contained the same 
quantity of lactic acid. There was no evidence of 
intrapulmonary oxidation, and no doubt is cast 
on the validity of cardiac output by the Fick 
principle under these conditions. 
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Since the pioneer observations of Hahn (1), 
who noted that heparin injection caused the disap- 
pearance of visible lipemia, and of Anderson and 
Fawcett (2), who showed that this effect was due 
not to heparin itself but to a “clearing factor” 
which appeared in plasma after heparin injection, 
there has been considerable interest in the bio- 
chemical and physiological aspects of this phe- 
nomenon, often called the “clearing reaction.” 
A variety of effects over and above the mere disap- 
pearance of turbidity has been attributed to clear- 
ing factor action. Evidence presented by several 
independent groups of investigators (3-7) would 
appear to establish the fact that in the presence of 
clearing factor, triglycerides are hydrolyzed in 
in vitro systems with the liberation of glycerol and 
free fatty acids. This conclusion is further con- 
firmed by a considerable amount of data from this 
laboratory which are, as yet, unpublished (8). 
The lipolytic reaction may be broadly formulated 
as follows: 


Fatty acid Clearing factor 
acceptor — 
other activating 
factors 


Triglyceride 
substrate 





Glycerol + Acceptor — Fatty acid complex. 


The triglyceride substrate may consist of chylo- 
micra, artificial oil emulsions, or lipoprotein ma- 
terial. Serum albumin and calcium ions have been 
shown to serve as fatty acid acceptors. There is 
no evidence that clearing factor is consumed in 
the reaction, and in other respects it appears to 
function in an enzymatic role. The presence of 
other activating factors for the reaction is sus- 
pected (5, 6), but such substances have as yet not 
been isolated, and their functions are unknown. 
In addition, other less well understood effects 
of clearing factor have been described. Boyle, 
Bragdon, and Brown (9), and Lindgren, Free- 
man, and Graham (10) have noted changes in 


ultracentrifugal lipoprotein patterns following the 
action of clearing factor. The effects of heparin on 
the electrophoretic distribution of plasma proteins 
have been studied recently by a number of authors. 
Using the moving boundary technique, Nikkila 
(11) and Lever, Smith, and Hurley (12, 13) 
noted that the administration of heparin to a lipe- 
mic individual resulted in a decrease of the quan- 
tity beta globulin and a compensatory increase in 
the amount of alpha globulin or albumin, or, in 
some of the patients studied by Lever, Smith, and 
Hurley, the formation of a new pre-albumin com- 
ponent. These phenomena were attributed by the 
latter authors to an increase in the mobility of 
beta lipoprotein which caused it to appear in an 
abnormal position in the electrophoretic pattern. 
With techniques of zone electrophoresis in starch 
and filter paper media, Nikkila (14), Rosenberg 
(15), Comfort (16), Herbst and Hurley (17), 
and Bolinger, Grady, and Slinker (18) have 
shown that the administration of heparin in the 
presence of lipemia causes the lipid-containing 
plasma proteins to migrate more rapidly. There is 
general agreement among the authors cited that 
heparin injection and lipemia are both prerequi- 
site to the production of the electrophoretic ef- 
fects; administration of heparin to fasting normal 
subjects was generally found to produce little or 
no alteration in the electrophoretic patterns. 
Lever, Smith, and Hurley (12) advanced the 
hypothesis that these electrophoretic changes 
might be due to loss of lipid from lipoproteins, re- 
sulting in a decrease in molecular size. The pos- 
sibility that they were due to combination of 
heparin with lipoproteins was also considered. 
One other hypothetical explanation remained un- 
tested, namely that the fatty acids evolved in the 
clearing reaction might be influencing the electro- 
phoretic results. Armstrong, Budka, and Mor- 
rison (19) had indeed already obtained electro- 
phoretic patterns not unlike those of Lever, Smith, 
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and Hurley by examining whole plasma in a 
medium containing 0.05 M sodium caprylate. It 
therefore appeared desirable to investigate the ef- 
fect of higher fatty acids, such as might be evolved 
from hydrolysis of blood lipids, on the electro- 
For the 


present investigation, oleate was chosen as a rep- 


phoretic behavior of plasma proteins. 


resentative higher fatty acid anion because of its 
relative abundance in food fats, its easy avail- 
ability in relatively pure form, and its easy solu- 
bility. 

MATERIALS AND METHODS 


The blood samples used were obtained from patients 
on the Heart Institute Service at the Clinical Center of 
the National Institutes of Health. Venipuncture was car- 
ried out with minimal venous stasis, and blood coagula- 
tion prevented by the addition of solid disodium ethylene 
diaminetetraacetic acid. The samples cooied as 
quickly as possible in thin-walled test tubes immersed 
in ice water, and the plasma separated by centrifugation 


were 


in the cold. As soon as possible, an equal volume of 2 M 
sodium chloride solution was added to each plasma sample 
in order to produce irreversible inactivation of clearing 
factor. These precautions served to minimize, but prob- 
ably not to eliminate completely, continuation of the 
clearing reaction in vitro after the blood was withdrawn 
(4, 11, 20). A standard intravenous dose of 0.75 mg. 
per Kg. (100 Toronto units per mg.) of commercial so- 
dium heparinate was employed. Electrophoretic analyses 
were carried out in the Aminco portable apparatus which 
is equipped with a Philpott-Svensson-Thovaert cylindri- 
cal lens optical system. A phosphate buffer of pH 7.8 and 
ionic strength 0.16 was employed; sera dialyzed against 
The 
temperature of the bath (which was also used for con- 
ductivity measurements) was 1.2° C. Paper electro- 
phoresis was performed by the procedure of Swahn (21) 
Standard sodium oleate solu- 
a weighed quantity 
of commercial Armor bovine 
(without added preservative) was used as a 


this buffer were analyzed at 2.7-fold final dilution. 


with minor modifications. 
tion was prepared by neutralizing 
C.P. grade oleic acid. 
Fraction V 
source of serum albumin, and the beta lipoprotein was 
prepared by Dr. Edwin Boyle of this laboratory by ul- 
tracentrifugal fractionation of pooled human serum ob- 
tained through the courtesy of the American National 
Ultracentrifugal analysis of this prepara- 
tion revealed it to contain 99 per cent of a single Se 3-8 
component. Nitrogen was determined by the method of 
Markham (22), cholesterol by the modified Schoenheimer- 
Sperry method (23), lipid phosphorus by the procedure 
of Fiske and SubbaRow (24), and neutral fat by a modi- 
fication of the method of Bragdon (25).1 


Red Cross. 


1 The author expresses his gratitude to Drs. E. Middle- 
ton and J. Bragdon, National Heart Institute, for carry- 
ing out these analyses. 
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EXPERIMENTAL RESULTS 


The findings of Lever, Smith, and Hurley (12, 
13) were confirmed on a small group of patients— 
three with essential hypercholesterolemia, one 
with idiopathic hyperlipemia, and two normal 
subjects with exogenous alimentary lipemia. The 
abnormal cases were fasting when studied. The 
clinical data regarding the four abnormal sub- 
jects are summarized in Table I. All received 
heparin intravenously and serial blood samples 
were taken during the course of the subsequent 
The electrophoretic results obtained in pa- 
Similar 


hour. 
tient M. M. are reproduced in Figure 1. 
changes were seen in the other cases, but with 
differences in degree and in duration. In each 
patient the early post-heparin samples showed a 
diminution in the area of the beta, globulin peak, 
with increase in the area in the alpha globulin or 
albumin regions, and, in some instances, with ap- 
pearance of a new component ahead of albumin. 
In later samples, these changes were reversed in 


control 


ae 


A aRAy 5 


ra ot 
hn, 


5 min. 


10 min. 


I5 min. 


30 min. 


ae oto 


60 min. 


In Vivo Errect oF HEPARIN ON HyPERCHOLES- 
TEROLEMIC PLASMA (PATIENT M. M.) 

Ascending limb electrophoretic patterns of control 
plasma (A) and samples taken 5, 10, 15, 30, and 60 
minutes after heparin (B through F, respectively). The 
arrows indicate the components of changing mobility 
wherever they are resolved. 


Fie. 1. 
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C 





mae 


Fic. 2. Errect oF INCUBATING HyYPERCHOLESTEROLE- 
MIC PLASMA TAKEN AFTER HEPARIN ADMINISTRATION 
(Patient E. C.) 


Ascending limb electrophoretic patterns of control 
plasma (A), post-heparin plasma chilled rapidly (B), 
and post-heparin plasma incubated (C). The arrows 
indicate the component whose mobility varies. 


a gradual but orderly fashion. All the changes 
observed were compatible with the hypothesis that 
a beta, globulin was temporarily acquiring a 
higher mobility so as to be superimposed on alpha 
globulin or albumin, and that an additional com- 
ponent, originally not resolved from albumin, was 
simultaneously increasing its mobility so as to 
precede albumin. These two components are 
best seen in Figure 1D which, when compared with 
1A, shows two components previously absent— 
one ahead of albumin and one migrating between 
albumin and alpha globulin, and a distinct de- 
crease in the area of the beta, globulin peak. 

In order to examine the effect of continuation 
of the clearing reaction in vitro, a specimen col- 
lected from patient E. C. five minutes after heparin 
administration was deliberately incubated for one 
hour at 37° C. before being chilled; another ali- 
quot of the same specimen was treated as de- 
scribed above. The results appear in Figure 2, 
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where it is apparent that incubation in vitro in- 
creased the forward displacement of the beta, 
globulin component. In this individual the effect 
of heparin was much less dramatic than that 
shown in Figure 1, and it is of interest that the 
component migrating ahead of albumin did not 
appear. 

The possibility that heparin per se, rather than 
clearing factor, influences the electrophoretic pat- 
tern of plasma seemed unlikely in view of the 
small quantities used (0.75 mg. per Kg. is equiva- 
lent to approximately 15 wg. per ml. plasma). A 
sample of plasma treated with this quantity of 
heparin in vitro and analyzed electrophoretically 
showed no alteration when compared to an un- 
treated control. 

Addition of sodium oleate to plasma, on the 
other hand, produced striking changes. In Fig- 
ure 3 are reproduced a series of analyses on the 


mols 
oleate 
x lO & 


0 


45 


9.0 


H.3 


— 


13.5 


G — or 57 


Fic. 3. In Vitro Errect oF OLEATE ON HyPERCHOLES- 
TEROLEMIC PLASMA (PATIENT M. M.) 


Ascending limb electrophoretic patterns of 3 ml. 
plasma samples to which have been added 0, 4.5, 6.7, 
9.0, 11.3, 13.5, and 15.7 10°* moles of oleate (A 
through G, respectively). The arrows indicate the com- 
ponents of changing mobility wherever they are resolved. 
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proteins. Experiments were therefore designed 
to test this hypothesis. First, using hypercho- 
lesterolemic plasma treated in vitro with an excess 
of oleate, it was possible to isolate from the as- 
cending limb of the electrophoretic cell enough of 
the material migrating ahead of albumin to permit 
simultaneous cholesterol and nitrogen analyses. 
The 0.5 ml. sample contained 0.34 mg. cholesterol 
and 0.054 mg. nitrogen, a cholesterol to nitrogen 
ratio of 6 to 1, in fair agreement with the value 
given for beta lipoprotein by Oncley, Gurd, and 
Melin (26). Secondly, the use of paper electro- 
phoresis with lipophilic staining made it possible 
to observe the effect of oleate added in vitro on 
the rate of movement of alpha and beta lipopro- 
teins. Increasing amounts of oleate added to nor- 
mal serum produced a gradual increase of mobility 
of each of these components without a significant 











I I I | I 
O -3 6 9.2 
mobility 


change in their concentrations (we have not been 
able to reproduce the accurate quantitative results 


reported by Swahn). The maximal mobility in- 


Fic. 4. INTERACTIONS oF ISOLATED §-LIPOPROTEIN, SE- 
RUM ALBUMIN, AND OLEATE (SEE TEXT) 
Descending limb electrophoretic patterns, with ab- creases observed amounted to 45 per cent and 65 
scissa showing mobility in cm.*/volt sec.X 10°. The per cent of the control mobilities for alpha and 
ordinates of the several patterns are only approximately beta lipoproteins, respectively. 


comparable. < eit 
» Since serum albumin is known to have a marked 


affinity for anions of the fatty acid series (27), ex- 
periments were undertaken to determine to what 
extent albumin could prevent or reverse the effects 
of oleate on lipoproteins. Figure 4 shows the in- 
teractions of oleate, albumin, and freshly isolated 
beta lipoprotein. An approximately 1 per cent 
solution of the beta lipoprotein alone gave the 
electrophoretic pattern shown in Figure 4A. Ad- 


fasting plasma of patient M. M. With the addi- 
tion of increasing amounts of sodium oleate a series 
of electrophoretic patterns is produced which re- 
semble very closely those observed in post-heparin 
plasma. 

In agreement with Lever, Smith, and Hurley 
(12, 13) it was surmised that the components be- 
ing affected in these experiments were the lipo- 


TABLE I 








Free 
choles- Phospho- Neutral 
Secondary diagnoses and terol lipid fat 


or 


Patient Sey Primary diagnosis complications :% mg. % me. % mg. % 





Xanthomatosis tuberosum 89 414 410 
et tendinosum 20 yr. 
Mild diabetes 2 yr. 


M. M. Hypercholesterolemia, 
family history 
unknown 


Hypercholesterolemia, Xanthomatosis tendinosum 

familial trend 30 yr. Angina pectoris 

probable 7 yr. Myocardial 
infarction 3 yr. ago 


Hypercholesterolemia, 
family history 
unknown 


Idiopathic 
hyperlipemia 


Angina pectoris 12 yr. 
Myocardial infarction 
12 yr. ago 


Myocardial infarction 
2 yr. ago 








OLEATE AND SERUM LIPOPROTEINS 


dition of oleate to a final concentration of 5.6 Xx 
10-* M nearly doubled its mobility, as shown in 
Figure 4B. To this mixture was then added one- 
tenth its volume of a previously dialyzed 10 per 
cent bovine albumin solution. Repetition of the 
electrophoresis gave the result shown in Figure 
4C; the mobility of the lipoprotein returned to a 
value consistent with its mobility as seen in whole 
plasma. Further addition of oleate to a final con- 
centration of 2.2 x 10-° again increased the mo- 
bility of the lipoprotein so that it exceeded that of 
albumin, as shown in Figure 4C. The albumin 
also showed a slight mobility increase with the 
increase in oleate concentration. 

The partition of oleate between albumin and 
beta lipoprotein was further studied in a series of 
electrophoretic analyses performed on mixtures 
of oleate with fresh normal serum from a fasting 
subject. Patterns not unlike those shown in 
Figure 3 were obtained, and for each sample the 
mobilities of albumin and of the shifting beta peak 
were determined. Albumin mobility was meas- 
ured in the descending limb; for the beta peak it 
was necessary to use the more clearly resolved pat- 
tern of the ascending limb. The albumin concen- 
tration of the serum was obtained from the same 
electrophoretic patterns, and in Figure 5 are 
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plotted the mobilities as a function of the mole 
ratio of oleate to albumin in each sample. It is 
seen that the mobility of albumin increases in 
linear fashion with increasing mole ratio up to a 
mole ratio of 3 or 4 to one. Thereafter its mo- 
bility tends to become constant, whereas the mo- 
bility of the beta globulin component increases 
progressively. 


DISCUSSION 


The electrophoretic results here presented are 
best explained by postulating an interaction be- 
tween oleate ions and alpha and beta lipoproteins. 
Association of oleate ions with the lipoproteins 
makes their net charge more negative and ac- 
celerates their anodic mobility. The reversibility 
of the association of oleate with beta lipoprotein 
is shown by the ability of albumin to restore nor- 
mal mobility to a lipoprotein sample previously 
treated with oleate. When oleate is added to 
whole serum or plasma, competition between albu- 
min and the lipoproteins for the oleate is to be 
expected. Some aspects of this competition can be 
deduced from the data of Figure 5. As increasing 
amounts of oleate are added to whole serum, the 
initial effect is on the albumin alone. Since oleate 
does not appear to penetrate the cellophane dialy- 
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Fie. 5. 


INTERACTIONS OF B-LIPOPROTEIN, SERUM ALBUMIN, AND OLEATE IN WHOLE 


Serum (See Text) 


Open circles—mobility of albumin (a). 


(ug). 


Solid circles—mobility of 8 lipoprotein 





482 


sis tubing used for these experiments (as evi- 
denced by constancy of the surface tension of the 
dialysate), it must be assumed that up to a mole 
ratio of approximately 3 to 1, added oleate is 
bound completely by albumin. It is of interest to 
compare this result with that obtained by Cogin 
(28) using bovine albumin-elaidic acid mixtures in 
a phosphate buffer of pH 6.8. In her experiments 
the mobility of albumin continued to increase 
linearly until a mole ratio of 7 to 1 was reached, 
whereas here, when a mole ratio of 3 to 1 is ex- 
ceeded, the albumin mobility ceases to increase 
linearly, and the mobility of beta lipoprotein is in- 
creased. From this point on, beta lipoprotein re- 
ceives an ever increasing share of the added oleate, 
with the mobility of albumin tending to become 
constant. It would appear from the data presented 
in Figure 3 that alpha lipoprotein is least easily 
affected and binds oleate only after some of the 
latter has reacted with beta lipoprotein. How- 
ever, the phosphate buffer used in this series of 
experiments, while permitting a better demonstra- 
tion of the oleate-albumin interaction than does 
sodium diethylbarbiturate buffer, does not resolve 


alpha lipoprotein from albumin until the former 
has combined with enough oleate that its mobility 


is markedly increased. Small changes in the 
mobility of alpha lipoprotein occurring with lower 
concentrations of oleate in plasma might therefore 
have gone undetected. 

In the light of these findings, the various re- 
sults reported in the electrophoretic patterns of 
post-heparin plasmas may be assembled into a 
reasonable overall picture. In all cases in which 
heparin was given to a lipemic subject (either 
pathologic or alimentary lipemia) fatty acids were 
evolved which altered the mobilities of the lipo- 
proteins. The extent of the mobility change will 
depend upon a number of variables which are not 
subject to easy control. The most significant is 
undoubtedly the concentration of available trigly- 
ceride substrate in the plasma of the subject under 
investigation. Thus the electrophoretic alteration 
is maximal in patients with essential hyperlipemia 
or in normal individuals at the height of alimentary 
lipemia, moderate in patients with essential hy- 
percholesterolemia, and minimal or absent in nor- 
mal fasting subjects. Even in the presence of 
optimal substrate concentration, there may be indi- 
vidual variations in the clearing factor activity re- 
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sulting from a given dose of heparin, and hence 
in the rate of fatty acid evolution. In addition, 
the rate at which the free fatty acids are removed 
from the circulating blood may be variable. 
Since there is competition between albumin and 
the lipoproteins for the available fatty acids, the 
relative concentrations of these proteins in the 
plasma will also be significant. 

An important factor is the technique used in 
preparing the plasma sample for electrophoretic 
study. Most of the publications quoted above do 
not mention any precautions intended to halt in 
vitro fat hydrolysis after the blood was drawn, 
so that it must be presumed that the clearing reac- 
tion was allowed to proceed in vitro to a variable 
extent. In the experiments reported here, chil- 
ling to 0° was employed as a means of limiting 
reaction in vitro. The cooling process is by no 
means instantaneous, however, and there is a re- 
maining uncertainty regarding the actual extent 
of combination of fatty acid anions with lipopro- 
teins in the circulating blood of the intact patient. 
It would appear, however, that with the presum- 
ably unphysiologic stimulus of heparin injection, 
fatty acids may be released in vivo at a rate tem- 
porarily exceeding the ability of the organism to 
remove them. 

The mechanism of the oleate—lipoprotein in- 
teraction is not revealed by these experiments. 
Since the calculations of Oncley, Gurd, and Melin 
(26) indicate that a considerable portion of the 
surface of the beta lipoprotein molecule is com- 
posed of lipid material, it would not seem un- 
reasonable to suppose that oleate ion, with its 
high surface activity, would tend to form a mono- 
molecular film at the resulting lipid-water inter- 
face. The same conditions might prevail with 
alpha lipoprotein, although in this case there is 
no available evidence to indicate a superficial lo- 
cation of the lipid moiety. If surface activity is 
in truth the major factor in determining the as- 
sociation of oleate with lipoproteins, it is to be 
expected that other anionic surface active agents 
will behave similarly and produce equivalent elec- 
trophoretic changes. A preliminary survey of 
several natural and synthetic surface active anions, 
not of the fatty acid series, has indicated that this 
is, in fact, the case. 

Earlier authors have observed alterations in 
the mobility of beta globulin components under 
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experimental conditions differing from those em- 
ployed in this study. Pure beta lipoprotein shows 
notable variability in its electrophoretic mobility, 
with the mobility tending to increase with ageing 
(29). Moore, Roberts, Costello, and Schonberger 
(30) have reviewed earlier experience, and de- 
scribe experiments which demonstrate a tendency 
for beta globulin to migrate with the alpha globu- 
lins in plasma samples subjected to considerable 
handling or to long storage without refrigeration. 
Herbst and Hurley (17) also noted that lipemic 
plasma samples kept three to four weeks in the 
refrigerator showed electrophoretic changes similar 
to those observed in post-heparin specimens. In 
the present study, all samples were kept in the 
cold and analyzed promptly without excessively 
prolonged dialysis, so that such artifacts may be 
ruled out as causes for the observed effects. Ad- 
dition of large amounts of heparin to plasma in 
vitro may also produce electrophoretic changes 
that have a superficial resemblance to those re- 
ported here. Chargaff, Ziff, and Moore (31) 
found that heparin added in vitro at a concen- 
tration of 4 mg. per ml. could abolish the beta 
anomaly and produce a pre-albumin component 
in normal plasma. This fast component was also 
seen when heparin was added to a partially puri- 
fied albumin fraction. Subsequent authors have 
observed similar effects; these experiments are 
reviewed by Nikkila (11). In each case the con- 
centrations of heparin required to produce elec- 
trophoretic changes by direct action in vitro ex- 
ceeded by one hundred-fold or more the quanti- 
ties that suffice to produce changes when injected 
in vivo in the presence of lipemia. In view of the 
demonstration by Lever, Smith, Hurley, and 
Herbst (13, 17) that heparin in vivo has no ef- 
fect in the absence of lipemia, and its lack of ef- 
fect when added in vitro at low levels, it must be 
concluded that heparin as such is not producing 
the phenomena under discussion here. 

In addition, it should be noted that Macheboeuf 
and Tayeau (32) showed an effect of oleate on 
plasma lipids, rendering them extractable by ether 
in the cold. Presumably oleate ruptured the lipid- 
protein bond. This effect was observed only at 
concentrations of oleate significantly higher than 
those employed in this study. 

The tendency of lipoproteins to bind oleate (and 
presumably other fatty acid anions) is of impor- 
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tance in the interpretation of previous experi- 
mental work, and may serve as one fact which 
will eventually be of use in elucidating the detailed 
structure of these complex materials. At this 
time it seems doubtful that the interaction plays 
a significant role in physiologic fat metabolism, 
as the available data (33, 34) indicate that only 
trace amounts of free fatty acids occur in plasma, 
and that these small quantities are bound by al- 
bumin. The data of Figure 5 indicate that the 
existing quantity of fatty acid anion in plasma 
must be increased many fold before any oleate- 
lipoprotein interaction occurs. The possibility 


that a different situation might exist in pathologic 
conditions remains to be investigated. 


SUMMARY 


Addition of sodium oleate to human plasma 
causes an increase in the mobility of alpha and 
beta lipoproteins, as well as the more familiar in- 
crease in the mobility of albumin. This effect is 
considered to be due to association of oleate ions 
with the lipoproteins, giving them a greater nega- 
tive charge. In the case of beta lipoprotein, this 
This fatty 
acid-lipoprotein interaction is believed to be re- 
sponsible for the electrophoretic changes which 
have been observed to occur after injection of 
heparin into lipemic animals or humans, inasmuch 
as such injection of heparin gives rise to a clear- 
ing factor known to be capable of effecting the 
hydrolysis of triglycerides with liberation of free 
fatty acids. The possible significance of the in- 
teraction is discussed. 


association is shown to be reversible. 
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Previous studies (1) have shown that the 
specific alpha-ketolic steroid metabolites found 
in the urine after administration of a known alpha- 
ketolic steroid reflect, to a limited extent, the na- 
ture of the precursor. With this study as a base- 
line, we have determined the major urinary alpha- 
ketolic steroid metabolites found after intravenous 
infusion of human subjects with ACTH, and some 
of those found in the urine of a man with Cush- 
ing’s syndrome, and in that of a woman with meta- 
static adrenocortical carcinoma. The results of 


this study and some speculations concerning the 
possible nature and rate of alpha-ketolic steroid 


secretion are presented in this paper. 


METHODS 


Methods employed and their limitations have been pre- 
sented previously (1). Terminology has been previously 
discussed (1). The abbreviations employed are indicated 
in Table I. The commonly employed letter designations 
(Kendall’s compounds F, E, B, and A; Reichstein’s S and 
DOC) have been used with the addition that H, indicates 
the tetrahydro compound (Pregnane-3a-ol) and H, in- 
dicates the “dihydro compound” (Pregnane-3-one). Glu- 
curonidase, 100 units per ml. of urine, was employed for 
hydrolysis. (It is now recognized that this is insuffi- 
cient for maximum hydrolysis and hence for maximum 
yield.) After glucuronidase hydrolysis, the urine was 
extracted at pH 1 with CHCl, for one hour on an os- 
cillating shaker. Paper chromatographic separation was 
accomplished primarily by using the toluene-propylene 
glycol system of Burton, Zaffaroni, and Keutmann (2). 
After development of the chromatogram, the absorption 
of ultra-violet light of the paper strip at 245 mu was de- 
termined directly in a Beckman DU spectrophotometer 


1 This investigation was supported in part by research 
grant H-922 from the National Heart Institute, of the 
National Institutes of Health, Public Health Service; and 
by grants from the American Heart Association, the 
Helon Augusta Parkhill Memorial Fund, Eli Lilly and 
Company and the Ciba Pharmaceutical Products, Inc. 


by means of an adaptor (3). Absorption at 600 mu was 
similarly determined after spraying with blue tetrazo- 
lium to determine the presence of alpha-ketolic com- 
pounds. The results were plotted against distance from 
the starting line on the chromatogram as shown in 
Figures 1 and 3. Semi-quantitative estimation of the 
alpha-ketolic steroid metabolites (AKSM) is possible 
using the areas of the peaks (1). 

Identification technics for those zones (peaks) which 
were rechromatographed in various solvent systems and 
isolated are indicated in Table I. A critique of these 
identification procedures and sources of authentic sample 
steroids have been presented (1). The unmodified term 
identification is employed only for those substances which 
have been isolated and subjected to the battery of tests 
previously described (1) including spectrometry in sul- 
furic acid or infrared spectrometry or both. All infra- 
red analyses were done through the courtesy of Dr. 
Thomas F. Gallagher or of the late Dr. Konrad Dobriner, 
at the Sloan-Kettering Institute for Cancer Research, 
Memorial Center, New York. Reducing lipid-soluble 
substances were determined by the method of Heard, 
Sobel, and Venning (4) after acid hydrolysis (Ac. R-L) 
and after glucuronidase followed by acid hydrolysis 
(G’ase R-L) as previously described (1). The total 
neutral 17-ketosteroids (17-KS) were determined by a 
modification of the method of Holtorff and Koch (5). 


RESULTS 
Part I. Effects of ACTH 


1. Identification studies. Figure 1 shows the 
effects upon urinary alpha-ketolic steroid excre- 
tion of ACTH administered intravenously to four 
human subjects. The identified peaks are indi- 
cated by diagonal lines. The identification pro- 
cedures are listed in Table I, and semi-quantitative 
estimations of the “24-hour excretion” of the iden- 
tified and some only partially identified alpha- 
ketolic metabolites in Table II. In the most polar 
fraction (X), the peaks in the H,F and H,E posi- 
tions are apparent in all four individuals. These 
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TABLE I 
Urinary alpha-ketolic steroid metabolites: identification studies *,t 








Rpoc 
Me. 


cyclo- 

Toluene/ hexane/ UV. 

Standard steroid P.G. P.G. absorb. Porter- Maxima spectra 

Compound isolated (free) (acetate) 245 my. Silber in H2SO, Other 
After 1.V. ACTH 


Pregnane-3a, 118, 17a, 21-tetrol-20-one (HF) .0060 19 
Ditto -0060 18 


Pregnane-3a, 17a, 21-triol-11, 20-dione (H«E) .0085 40 
Ditto .0095 33 


At-pregnene-118, 17a, 21-triol-3, 20-dione (F) .017 
Ditto 015 


At. pregnene-17a, 21-diol-3, 11, 20-trione (E) 041 
Ditto .035 





260 330 415 515 Red color with H:SO, 
252 320 410 510 and ethyl acetate 


270 335 410 
268 320 410 


++ ++ 


Fluorescence 
Fluorescence 


Pregnane-3a, 17a, 21-triol-20-one (HS) 
Ditto ? (see text) 


Pregnane-3a, 118, 21-triol-20-one (HB) 
Ditto 


Allopregnane-3a, 118, 21-triol-20-one (Allo-H«B) 
Ditto 


Pregnane-3a, 21-diol-11, 20-dione (HsA) 
Ditto 





Ool++ ++ 





370 445 Fluorescence 
372 450 Fluorescence 


2 | PY PR NOI Sw 
mIlAA Ao AK] A%& 


— 
Om 


HI. A‘-pregnene-118, 21-diol-3, 20-dione (B) 

and Ditto 

— Unknown 

bined A*-pregnene-21-ol-3, 11, 20-trione (A) 
Ditto ? (see text) 


Po 
ie 








415 515 Red color with HsSO. 
410 510 and ethyl acetate 


410 
410 


390 475 Fluorescence 
375 480 Fluorescence 


ME. < Pregnane-3a, 118, 17a, 21-tetrol-20-one (HF) 
Ditto 


Pregnane-3a, 17a, 21-triol-11, 20-dione (H«E) 
Ditto 


d 


A‘-pregnene-118, 17a, 21-triol-3, 20-dione (F) 
Ditto a 


++ +4 ++ ++ 


At-pregnene-17a, 21-diol-3, 11, 20-trione (E) 041 
Ditto .036 


Pregnane-3a, 118, 21-triol-20-one (H«B) .066 
Ditto 054 


Allopregnane-3a, 118, 21-triol-20-one (Allo-H«B) ll 
Ditto .09 


Pregnane-3a, 21-diol-11, 20-dione (HsA) 14 
Ditto 19 





Infrared 
Infrared 
Infrared 
Infrared 


Infrared 
Infrared 








Red color with H2SOx 


Pregnane-3a, 118, 17a, 21-tetrol-20-one (H«F) 0060 
itto and ethyl acetate 


(0050 


Pregnane-3a, 17a, 21-triol-11, 20-dione (HE) .0085 
Ditto -0084 


At-pregnene-118, 17a, 21-triol-3, 20-dione (F) .017 
Ditto .017 


Infrared 
Infrared 


4 
++ Of SS}/O0 Co Co}/++ ++ SS SS] 440 +4) 00 Co SCO/SS +4 44 Co OO 








Cushing's Syndro 
Pregnane-3a, 118, 17a, 21-tetrol-20-one (HF) .0060 19 
Ditto .0067 -20 


Pregnane-3a, 17a, 21-triol-11, 20-dione (HiE) .0085 .40 
Ditto .0092 35 


At-pregnene-118, 17a, 21-triol-3, 20-dione (F) .017 mY 
Ditto .020 13 


415 515 Red color with HsSO« 
415 510 and ethyl acetate 


410 
410 


Fluorescence 
Fluorescence 


At-pregnene-17a, 21-diol-3, 11, 20-trione (E) 
Ditto e 
Infrared 


Pregnane-3a, 17a, 21-t:iol-20-one (HS) 3 
i Infrared 


Ditto 3 


Co +4 +4 CO co 
++ ++ +4 +4 44+ 


8 
8 








Adenocortical Cancer 


Pregnane-3a, 118, 17a, 21-tetrol-20-one (HiF) -0060 
itto .0054 


330 415 515 Red color with H:SO. 
330 410 510 and ethyl acetate 


335 410 
318 410 


410 Infrared 
400 Infrared 


Red color with H2SOQ, 


Pregnane-3a, 17a, 21-triol-11, 20-dione (HE) .0085 40 
Dit .0085 .33 


oo oo oo 


Pregnane-3a, 17a, 21-triol-20-one (HS) .036 3.8 
Ditto .032 3.8 


A‘-pregnene-17a, 21-diol-3, 20-dione (S) 15 
Ditto ? (see text) 16 


*a. Ropoc free alcohol in methylcyclohexane/propylene glycol .022; B — Rpoc .015. 
b. Rooc free alcohol in methylcyclohexane/ propylene glycol .034; reference not available. 
c. Rooc free alcohol in methylcyclohexane/propylene glycol .06; A — Rpoc .075. 
d. Rooc acetate in toluene/propylene glycol .12; F acetate —.13. 
e. Rpoc acetate in toluene/propylene glycol .30; E acetate —.31. 
d The numbers (e.g., X«) listed in the left hand column correspond to those in Figures 1 and 3. Rpoc = Mobility of compound compared to 


++ ++ +4 4+ 


+4 





boc, 

> The Rpoc was determined as the alcohol in the toluene-propylene glycol system (P.G.) or as the acetate in the methylcyclohexane-propylene 
glycol system. Ultraviolet absorption at 245 mz was determined quantitatively directly on the paper and the quantitative reaction with phenyl- 
hydrazine of eluates by a modification of the Porter-Silber method. Spectrometry in sulfuric acid and fluorescence tests were also done quanti- 
tatively as previously discussed (1). Infrared spectrometry was done at the Sloan-Kettering Institute for Cancer Research, Memorial Center, 
New York, through the courtesy of Dr. Thomas F. Gallagher and of the late Dr. Konrad Dobriner. For comments concerning criteria of identi- 


fication, see reference number one. 
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have been identified in the case of subjects HI., 
ME., and MUR. after ACTH. It is evident from 
this and previous studies (1) as well as the posi- 
tion and relatively small absorption at 245 mp 
(not shown) in these regions that the twin alpha- 
ketolic peaks in the first portion of fraction X in 
the other subjects are probably formed by H,F and 
H,E. The increased excretion of hydrocortisone 
(F) after administration of ACTH is also indi- 
cated. 

Two or more alpha-ketolic steroids are fre- 
quently found at the cortisone (E) position as 
shown by rechromatography. In HI. approxi- 
mately 20 per cent of this peak is possibly the 
tetrahydro form of Reichstein’s compound §, 2.e., 
H,S. However, the possibility exists that the 
substance may be the A9-11 unsaturated com- 
pound which might arise as a dehydration prod- 
uct of H,F. This is considered possible since the 
dehydration product of 118-hydroxyandrosterone 
(A9-11 androstenolone) has been found by Lie- 
berman, Mond, and Smyles (6) after chromatog- 
raphy of urine extracts on alumina. In this in- 
stance, extractions were made for 48 hours by the 
continuous ether method at pH 5, after glucuroni- 
dase hydrolysis. The extraction method used by 
us exposed the urinary steroids to pH 1 for one 
hour. Since not enough material was available to 
permit infrared spectrometry and the A9-11 com- 
pound has not been available for testing the run- 
ning rates and the absorption spectrum in sulfuric 
acid, this possibility cannot be definitely excluded. 
However, it seems possible that this is, in fact, 
H,S since the compound has the same character- 
istics as material identified by infrared spectrom- 
etry in extracts of urine from a subject with Cush- 
ing’s syndrome (MUS.) and from a subject with 
adrenal cortical carcinoma (CA.) as H,S. In ad- 
dition to the data shown in Table I, it has been 
found that the mobility in the benzene-formamide 
system of the unknown approximates that of an 
authentic sample of H,S (See Addendum). 

In the mid-polar fraction (Y), peak 1 of sub- 
jects HI. and ME. has been identified as tetra- 
hydro B, (H,B) (7) and peak 3 of fraction Y of 
subject ME. as tetrahydro A, (H,A) (7). Inad- 
dition, the Y, peak of subject ME. has been identi- 
fied as the allo form of tetrahydro B, (allo-H,B) 
(7). Corticosterone (B) has been demonstrated 
in the urine of the two normal subjects after 
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ACTH (7). The presence of compound A (11- 
dehydrocorticosterone) was indicated (see Table 
I) but this compound was not definitely identified 
(See Addendum). 

2. Chromatographic pattern. The chromato- 
graphic pattern (Figure 1) must be considered in 
relation to the effects of variations in technics as 
well as the proportion of the 24-hour extract em- 
ployed. However, it is apparent that there is a 
general similarity of appearance in the chromato- 
grams of extracts of the urine of all four individu- 
als after ACTH. There is also a general similarity 
in the pre-ACTH patterns. The significance of 
the increased excretion of “E position” steroids in 
patient MU. before ACTH is unknown. The 
alpha-ketolic metabolites in the positions of H,F, 
H,E, and of compounds F and E, as well as those 
in the Y and Z chromatographic fractions, are 
considerably increased by ACTH. 

3. Effect of ACTH on urinary excretion of 
steroids measured by group reactions. The total 
AKSM (alpha-ketolic steroid metabolites) are in- 
creased after ACTH as indicated in Figure 1. 
The increase in AKSM is relatively greater than 
in the G’ase R-L (Reducing lipids extractable af- 
ter glucuronidase plus acid hydrolysis) and con- 
siderably so compared to the relative increase of 
Acid R-L (Reducing lipids after acid hydrolysis 
only) and the total neutral 17-ketosteroids (17- 
KS) tabulated on the right-hand side of Figure 1. 
These findings are similar to those shown in 
Table III of the previous paper (1) after the ad- 
ministration of the “six physiologically active” 
alpha-ketolic steroids. 

Figure 2 shows the distribution of the AKSM 
by fractions. It includes data from chromato- 
graphic analysis of urine from normal individuals 
not shown in Figure 1. ACTH infusion for eight 
hours on one day increased the AKSM in all 
three fractions, but the largest relative increase 
was found in fraction Y. 


Comment 


Speculations concerning the nature of the alpha- 
ketolic steroid secreted by the adrenal cortex. 
The urinary alpha-ketolic steroids considered as 
positively identified by us after infusion of ACTH 
are: H,F, H,E, F, H,B, allo-H,B, H,A, and B 
(Table 1). The first three (plus E) are the ma- 
jor urinary metabolites found after the adminis- 
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Fic. 1. Tue Errect or ACTH INFusION UPON THE CHROMATOGRAPHIC PATTERN OF THE 
Urtnary ALPHA-KETOLIC STEROID METABOLITES 


The chromatograms were developed in the toluene-propylene glycol system, dried and sprayed 
with blue tetrazolium. The density of the blue color produced by reaction with alpha-ketolic 
steroids was then read (by means of an adaptor) directly from the paper in a Beckman DU 
spectrophotometer at 600 mu. The density is charted in relation to the distance from the 
“starting line” as the abscissa of the horizontal “channels.” More than one compound may be 
in the same region, so that further studies were necessary for isolation. The most polar (X), 
“mid-polar” (Y), and least polar (Z) fractions are charted. The percentage figures in each 
fraction indicate the proportion of the 24-hour urine represented by the amount of extract used 
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tration of F or E (1, 8-11) and the last four are 
those found in large amounts after administration 
of compounds B or A (1, 12). Cortisone (E), 
although indicated (Table I), was not positively 
identified after administration of ACTH but has 
been positively identified by others (Table III). 
In addition, the presence of A and of H,S is sug- 
gested by the evidence presented in Table I. 

Table III lists the 11 alpha-ketolic steroids that 
have been positively identified to date in the urine 
of humans without known adrenocortical disease. 
Apparently, A®°-pregnene-38, 21-diol-20-one (13) 
has not been demonstrated to be a metabolite of 
these precursors. Aldosterone, present in minute 
amounts, has been identified in extracts of urine 
prepared by Luetscher, Wettstein, and Neher 
(14). 

It thus seems probable that the alpha-ketolic 
steroids secreted by the adrenal cortex in the 
largest quantities are compounds F (or E) and 
B (or A) and possibly smaller amounts of com- 
pound S. The hydroxyl and keto groups at 
carbon atom 11 are interconvertible for compounds 
F and E (1, 8-11) and for compounds B and A 
(1), so the major alpha-ketolic metabolites pro- 
duced by administration of F and E are similar; 
as are those for B and A. Therefore, the exact 
precursor of the metabolites of these pairs is diffi- 
cult to determine. 

In an attempt to obtain further data bearing on 
the precursors of the urinary alpha-ketolic metabo- 
lites, the amounts of identified and partially iden- 
tified metabolites found after administration of 
ACTH and in pathologic adrenocortical hyper- 
function have been estimated (Table II). The 
ratio of the estimated quantities of the various 
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metabolites have been examined and compared to 
the ratios found after oral administration of F or 
E and B or A in the previously reported experi- 
ments (1). It is recognized that dosage and 
route of administration may influence the abso- 
lute values and the ratios. These limited com- 
parisons, however, do not afford clear-cut evi- 
dence indicating that the secretion of F is greater 
than E; nor that of B is greater than A. 
Evidences from the isolation studies by Ro- 
manoff, Hudson, and Pincus (15) of blood from 
the adrenal vein of a man with prostatic carcinoma 
would suggest that compound F and compound B 
are secreted in far greater amounts than the other 
active alpha-ketolic steroids. In addition, studies 
of peripheral blood, although of lesser value in de- 
termining specific steroid secretion by the adrenal 
cortex, indicate that F and B are present in 
greater quantity than E or A. Thus, Morris and 
Williams (16) using micro-polarographic tech- 
nics have presented evidence indicating the con- 
centration of F and B in peripheral blood to be 
about twice that of E and A, while Bush and 
Sandberg (17) find evidence only for F and B. 
The factors affecting the rate and type of 
adrenocortical secretion, in particular the species 
variation, has recently been reviewed by Bush 
(18). The values reported by Hechter (19) us- 
ing perfused bovine adrenals would suggest that 
F and B were the chief alpha-ketolic steroids at 
least in that species. The extensive studies of 
Pincus, Romanoff, and Romanoff (20) using per- 
fused, isolated human adrenals from subjects 
with malignant hypertension or prostatic carci- 
noma indicate the presence of 25 alpha-ketolic 
steroids after stimulation by ACTH. Evidence 





on the chromatogram. The diagonally-lined peaks indicate those peaks in which identification 
studies included sulfuric acid chromogens ///, and infrared spectroscopy \\\, or both QRRR. 
Only those compounds in which the studies included one or both of these technics are con- 
sidered to be identified. The abbreviations (see Table 1) above the diagonally-lined peaks in- 
dicate the identity of the steroid. The numbers on the peaks may be used in referring to the 


identification studies listed in Table I. The numbers in the columns on the right show the 
values for various group reactions. 

AKSM = Total alpha-ketolic steroid metabolites. The semi-quantitative estimate of alpha- 
ketolic metabolites is obtained from the area of the blue tetrazolium staining peaks and the 
proportion of the extract of the 24-hour urine collection on the chromatogram (1). 

G’ase R-L= Reducing lipid-soluble substances (corticoids) after glucuronidase followed by 
acid hydrolysis. 

Ac. R-L = Reducing lipid-soluble substances after acid hydrolysis only. 

17 KS = Total neutral 17-ketosteroids. 

For comment concerning identity of peak No. 5, subject HJ. after ACTH, see text. 
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For identification 


studies see Table I and Figures 1 and 3; and for semi-quantitative esti- 
mates of individual metabolites see Table II. 


for the presence of F and B and S as well as cer- 
tain ring A saturated compounds was obtained, 
but the predominance of corticosterone and hy- 
drocortisone seen in bovine adrenal perfusates 
was not found. However, preliminary studies of 
Touchstone, Cooper, and Roberts (21) using in- 
cubated slices of adrenals from hypertensive hu- 
mans removed at operation indicate that F and B 
are usually the major alpha-ketolic secretory 
products. Undoubtedly, in vitro studies and stud- 
ies of peripheral blood and of urine afford only in- 
direct evidence. Thus the exact solution of the 
problem awaits further study of blood from the 
adrenal vein of humans. 

Speculations concerning secretion rates. Cer- 
tain speculations concerning the probable daily 
secretion rate by the adrenal cortex of compounds 
F or E and of compounds B or A have been made 


(Table IV). These speculations are based on 
calculations derived from previous experiments in 
which the urinary alpha-ketolic steroid metabo- 
lites were measured following the oral adminis- 
tration of these steroids to individuals with adrenal 
cortical insufficiency (1). The proportion of or- 
ally administered alpha-ketolic steroid metabo- 
lites appearing in the urine as alpha-ketolic meta- 
bolic products was calculated from these data. 
The means of these values for each orally ad- 
ministered precursor were then utilized to calcu- 
late the theoretical secretion rates for compounds 
F or E from the urinary alpha-ketolic steroid 
metabolites found in chromatographic fraction X ; 
and for compounds B or A from the alpha-ketolic 
metabolites found in chromatographic fraction Y 
plus Z of the experiments listed in Table IV. It 
has been previously demonstrated that almost all 
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of the alpha-ketolic steroid metabolites from com- 
pounds F or E are found in fraction X and those 
from compounds B or A in fractions Y plus Z. 
The assumptions implicit in these speculative 
calculations are undoubtedly only partially true. 
However, several considerations lead us to be- 
lieve that they are not without some validity. 
These are: (a) The secretory rate, calculated on 
the assumption that either F or E is secreted, 
grossly approximates the amount of these com- 
pounds found necessary to maintain totally 
adrenalectomized individuals in fairly good health 
(22); (b) the calculated secretory rates of F or 
E for the two individuals with moderately severe 
Cushing’s syndrome is in the range of dosages 
which, if continued for months, may produce this 
syndrome in individuals given F or E for thera- 
peutic purposes (23, 24); (c) the ratio of calcu- 
lated F to B secretion in normal individuals, and 
the ratio for those given ACTH for one day, are 
similar to those reported by Bush and Sandberg 
(17). In their study of peripheral blood of indi- 
viduals given ACTH, the ratio of F to a com- 
pound tentatively identified as B was > 4 and for 
untreated individuals was > 5. However, the cal- 


491 


culated ratio is somewhat less than the F to B ra- 
tio of 11 for material isolated from adrenal vein 
blood by Romanoff, Hudson, and Pincus (15) ; 
and greater than the approximately 1 to 1 ratio 
found by Morris and Williams for peripheral 
blood (16); (d) there is a higher calculated ratio 
of F to B secretion in the individual given ACTH 
on three days and in the three individuals with 
Cushing’s syndrome than that of the untreated 
individuals or those given ACTH for one day. 
This may be compared to the findings of Kass, 
Hechter, Macchi, and Mou (25) of an increasing 
ratio of F to B in the peripheral blood of rabbits 
which were injected with ACTH up to periods of 
four weeks. In addition, Bush (26) has found a 
plasma F to “B” ratio of 20 to 1 in adrenal vein 
blood of a patient with Cushing’s syndrome; a 
figure that compares quite well with the calculated 
production ratios of these compounds in our three 
patients with Cushing’s syndrome. 
Considerations concerning allopregnane deriva- 
tives. Engel, Carter, and Springer (12) have pre- 
sented evidence that allo-H,B (allopregnane-3a, 
118, 21-triol-20-one) is one of the major alpha- 
ketolic metabolites of compound B, and we have 


TABLE II 


Identified and some indicated (partially identified) urinary a-ketolic metabolites: 


semi-quantitative estimation (mg. per 24 hr.) * 








———_———- X ~ 





1 2 3 4 5 
HwF ME F E HS 


Fraction 


Subj. peak no. 


HB 


1 2 
Allo 
HB Sumt AKSMt 








HI. ACTH10mg. 1.0 1.7 1.2 (0.4) (0.26) 
(M) I.V. 8 hr. 
Ist day 


ME. 
(F) 


ACTH 10 mg. 
I.V. 8 hr. 
ist day 


1.4, 25-24 1 AOS). 1S 


MUR. 
(M) 


ACTH 20 mg. 
I.V. 8 hr. 
3rd day 


24).%3.(24).. & xX 


MUS. 
(M) 


CA. 
(F) 


Cushing’s 2:2. 34, GED. &2. + 24 


syndrome 
Adrenal 


cortical 
carcinoma 


04 0.7 < < 


1.34 


7.7 6.2 


0.08 (0.14) (0.10) 


0.6 


0.12 (0.2) (0.15) 





X = Possibly present but not estimated, not rechromatographed. 
< = No alpha-ketolic peak at appropriate position at level tested. 


) = Partial identification only; suspected identity indicated. 


(See Table I and text.) 


The identification procedures for those substances, the values for which are not enclosed in parentheses, 
included spectrometry in H2SO, or infrared spectrometry or both as well as other studies listed in Table I. 
t Sum of estimates of individual alpha-ketolic metabolites found on rechromatography. 
t Estimate of total alpha-ketolic metabolites from original chromatogram (includes unidentified blue tetrazolium 


staining peaks). 
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II 


Alpha-ketolic steroid metabolites extracted from urine of humans without adrenocortical dysfunction * 








Alpha-ketolic steroid 


Condition 


References and comments 





H,F “Tetrahydro compound F”’ 


Pregnane-3a, 118, 17a, 21-tetrol-20-one 


After ACTH 


Normal 


Dobriner and Lieberman 1952 (39) f 
Romanoff et al. 1953 (38) and (40) 





H,E “Tetrahydro compound E” 


Pregnane-3a, 17a, 21-triol-11, 20-dione 


After ACTH 


Normal 


Dobriner and Lieberman 1952 (39)t 
Schneider 1952 (41) and (30) (38) (40) (42) 





F “Hydrocortisone” 


A*-pregnene-118, 17a, 21-triol-3, 20-dione 


After ACTH 


Normal 


Mason 1950 (43) and (39)t 
Schneider 1952 (41) and (38) (40) (42) (44) 





E “Cortisone” 


A*-pregnene-17a, 21-diol-3, 11, 20-trione 


After ACTH 


Normal 


Dobriner and Lieberman 1952 (39) 
Schneider 1950 (45) and (38) (40) (42) (44) 





H.E “Dihydro compound E” 
Pregnane-17a, 21-diol-3, 11, 20-trione 


Normal 


Schneider 1952 (41) 





A*®-pregnene-38, 21-diol-20-one 


After ACTH 


Dobriner and Lieberman 1952 (39) 





H,S “Tetrahydro compound S” 
Pregnane-3a, 17a, 21-triol-20-one ? 


Normal after 
ACTH 


See text. Present data do not eliminate the possibility 
that this compound may be A®-11-pregnene-3a, 21-diol- 
20-onet 





Aldosterone (electrocortin) 
11-418 hemiacetal of 
A*pregnene-118, 21-diol-18-al-3, 20-dione 


Nephrosis 


(Adrenal 
dysfunction ?) 


Luetscher, Wettstein, and Neher 1954 (14) 





H,B “‘Tetrahydro compound B”’ 
Pregnane-3a, 118, 21-triol-20-one 


Normal after 
ACTH 


Touchstone et al. 1954 (7)Tf 





Allo-H,B ‘‘Allotetrahydro compound B”’ 
Allopregnane-3a, 118, 21-triol-20-one 


Normal after 
ACTH 


Touchstone et al. 1954 (7)t 





H,A “Tetrahydro compound A” 
Pregnane-3a, 21-diol-11, 20-dione 


Normal after 
ACTH 


Touchstone et al. 1954 (7)f 





B “Corticosterone”’ 
A“-pregnene-118, 21-diol-3, 20-dione 


Normal after 
ACTH 


Touchstone et al. 1954 (7)T 
Evidence indicating presence of B in urine of untreated 
humans obtained by Romanoff et al. (38) 





* Identification technics for the named references included identification by classical methods and/or by infrared 


spectrophotometry. 


t Identification reported in this paper. See Table I. 


discussed evidence suggesting that this compound 
is one of the metabolites of compounds B and A 
(1). The finding of allo-H,B after ACTH, (7) 
is probably best explained on the basis of meta- 
bolic reduction of compound B rather than direct 
production of allo-H,B by the cortex. This seems 
probable since allopregnane-3a, 118, 21-triol-20-one 
has not been identified in adrenal extracts although 
the 38 isomer has been isolated in relatively small 
amounts and all the ring A saturated alpha-ketols 
so far identified have had the allo configuration 


(13). 
Part II. Pathological Increases in Adrenal Cor- 
tical Activity 


The paper chromatographic patterns of alpha- 
ketolic steroid metabolites were studied in three 


The additional references included these technics in some, but not all instances. 


individuals with Cushing’s syndrome and one with 
adrenal cortical carcinoma. 


Cushing’s syndrome—Case histories 


Case No.1. Subject MUS. This 19-year-old man had 
typical florid Cushing’s syndrome with onset approxi- 
mately three years before he was referred for further 
study to the Hospital of the University of Pennsylvania 
from the Delaware Hospital, Wilmington. There was 
no evidence, by x-ray, of adrenal, pituitary or thymic 
tumors. Urine was collected prior to roentgen therapy. 

Case No. 2. Subject ST. This 45-year-old housewife 
had increasing hirsutism (enough to require daily shav- 
ing), chronic leg ulcers, easy bruising, a large relaxed 
abdomen, no purple striae, and a red, rounded face for 
about two and one-half years prior to her study. At 
Wilkes-Barre Hospital, where she was found to have 
diabetes mellitus and severe hypertension (200/120 mm. 
Hg), the diagnosis of Cushing’s syndrome was made. 
She was referred to the Hospital of the University of 
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Pennsylvania where no evidence of adrenal cortical tumor 
was found. She received 4,550 tissue roentgens to the 
pituitary region over 85 days. Urine collections for 
chromatography were made 77 days after the last 
roentgen treatment. She showed no improvement, de- 
veloped pyelonephritis and died with pulmonary edema 
and necrotizing papillitis three months after the last 
roentgen treatment. The adrenals weighed 24 grams and 
showed histological evidence of hyperplasia of the cortex 
but no evidence of tumor. The anterior pituitary showed 
an increase in basophilic cells. 

Case No. 3. Subject FR. This 45-year-old housewife 
suffered from a severe suicidal depression. She had 
shown gradually increasing evidence of the development 
of Cushing’s syndrome during the previous four years. 
There was rounding of the face which was a dusky, 
brown-red color, multiple “bruises,” no purple striae, 
moderate hirsutism, blood pressure of 170/110 mm. Hg, 
a glucose tolerance curve as follows: fasting—85, one- 
half hour-180, one hour-184, two hours-162, and three 
hours-91 mg. per 100 ml. of blood, increased 17-keto- 
steroids and corticoid excretion (after acid hydrolysis), 
and loss of menses at age 41. There was no x-ray evi- 
dence of adrenal cortical tumor. No therapy had been 
given prior to the collection of urine for chromatography. 


Identification studies and chromatographic pat- 
tern (Cushing's syndrome ) 


Table I and Figure 3 show that H,F, H,E, E, 
and H,S were identified in extracts of the urine 
of MUS., the male subject with florid Cushing’s 
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syndrome. In addition, large amounts of F were 
indicated, as partially identified by Rpoo, ultra- 
violet light absorption, positive Porter-Silber test 
and fluorescence in sulfuric acid. Table II gives 
the approximate amounts of the identified and par- 
tially identified compounds. 

Figure 3 demonstrates the chromatographic pat- 
terns in subjects with hyperfunction of the adrenal 
cortical tissue, i.e., three patients with Cushing’s 
syndrome (without adrenocortical tumor) and a 
patient with functioning metastases from adrenal 
cortical carcinoma. The general similarity of the 
chromatographic patterns of the individuals with 
Cushing’s syndrome to those of the patients re- 
ceiving ACTH is apparent, particularly that of 
subject MUR. who received ACTH for three 
days (compare Figures 1 and 3). The peak at 
the F position was present in all three patients 
with Cushing’s syndrome as were the peaks in 
the H,F and H,E positions. In addition, there 
were relatively large amounts of AKSM present 
at the E position in all three individuals with 
Cushing’s syndrome using a proportion of the 
24-hour urine specimen which usually failed to 
show an alpha-ketolic peak at this position with 
urine extract from “normal” individuals. How- 
ever, some of this peak in subjects FR. and ST. 
may be due to the presence of H,S, since in sub- 


TABLE IV 


Speculations concerning approximate secretion rates * 








Urinary AKSM 





Total 
meg./24 hr. Mean Range 


Fraction X 
% of total AKSM 


Calculated secretion rate 


As if all 
Y+Z fraction 





As if all 
X fraction 





From From 


F B 
mg./24 hr. mg./24 hr. 


From From 





Normal (9)f 1.4 64 57-71 
ACTH 10 mg. (3) 
I.V. 8 hrs. 1st day 
(24-hr. collection) 


ACTH 20 mg. (1) 
I.V. 8 hrs. 3rd day 
(24-hr. collection) 13.7 86 
Cushing’s syndrome 

severe (1) 16.0 83 
Cushing’s syndrome 


moderate (2) 3.2 88 88-88 


68 37 i1 7 


61 16 


210 131 9 23 





* Since F and E, as well as B and A, are interconvertible, separate rates are calculated on the assumption that all 
of X fraction represents the metabolites of either F, or of E, and that all of the Y + Z fraction represents the metabolites 


of either B, or of A. (Also see text.) 


t The numbers in parentheses indicate the number of subjects. 
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OF THREE INDIVIDUALS WITH CUSHING’S SYNDROME AND ONE WITH ADRENOCORTICAL CARCINOMA 


See legend, Figure 1, for explanation of charting technic and Table I for identification studies. 


The 


similarity of pattern (particularly the presence of the relatively large peak at the F position in all 
three patients with Cushing’s syndrome) to the chromatograms of normal and hypertensive subjects 


after ACTH (see Figure 1) should be noted. 


Some of the fractions used in these studies were developed on slightly longer strips for a longer pe- 


riod while others were developed over a shorter period than usual. 


Therefore, there is a wider range of 


position of known metabolites as indicated by the lengths of the bars at the bottom of the chart. 


ject MUS. 


approximately 60 per cent of this 
double peak (X, and X,) was due to H,S. 


Comment 


Identified alpha-ketolic steroid ‘metabolites. 
The identification of H,F, H,E, E, and H,S in 
the urine of a subject with Cushing’s syndrome 
(MUS.) is in accord with the finding of the first 
three steroids in the urine of normal subjects with 
or without administration of ACTH (Table III). 


Mason and Sprague (27) first identified hydro- 
cortisone in the urine of a subject with Cushing’s 
syndrome. Others have also reported its presence 
(28, 29) as well as H,F (29), H,E (28-30) and 
cortisone (28, 29) in the urine of subjects with 
this condition. Bush (26) has reported the pres- 
ence of F and B in adrenal vein blood of a sub- 
ject with Cushing’s syndrome in a ratio of 20 to 1 
(compare calculations in Table IV). 

Evidence suggesting a change in adrenal cor- 
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tical secretion pattern in subjects with Cush- 
ing’s syndrome. The total AKSM (Figure 2) as 
measured by the areas underneath the curves is 
greater in the case of subject MUS. than that 
found after the infusion of ACTH (Figure 1) ; 
and greater in the other two subjects with Cush- 
ing’s syndrome than that found in normal indi- 
viduals not given ACTH. However, the propor- 
tion of alpha-ketols present (Figure 2 and Table 
IV) in the most polar fraction (X) in patients 
with Cushing’s syndrome (range = 83 to 88 per 
cent of total) is greater than that found in the 
urine of normal individuals (range = 57 to 71 per 
cent of total), and of those given ACTH on one 
day only (range = 50 to 63 per cent of total). On 
the other hand, it is not greater than the propor- 
tion in chromatographic fraction X from urine 
collected from MUR. on the third day of ACTH 
injection (86 per cent). 

This finding in subject MUR. suggests, in ad- 
dition to several other possibilities, that there may 
be an increase in the relative quantities of F and/ 
or E secretion compared to that of B and/or A 
with more prolonged stimulation by ACTH. 
That there may be a change in the ratio of the 
precursors is suggested by the recent work of 
Kass, Hechter, Macchi, and Mou (25). They 
demonstrated an increase of compound F and a 
progressive decrease in compound B in the 
adrenal vein blood of rabbits measured at the 7th, 
and the 21st to 28th day of ACTH injection. 
These considerations suggest that the higher pro- 
portion of steroid metabolites in the most polar 
fraction (X) in the chromatograms of urinary 
extracts from patients with Cushing’s syndrome, 
found by ourselves and Wilson, Fairbanks, and 
Scialabba (29) is due to an increase in the secre- 
tion ratio of F and/or E to B and/or A (see 
Table IV). They also suggest that this change is 
presumably due to prolonged stimulation by 
greater than usual amounts of ACTH. MHow- 
ever, measurements of blood levels of ACTH in 
this condition have given widely varying results 
(31), although recently Rubin, Dorfman, and 
Dorfman (32) has reported a significant increase 
of ACTH excretion in the urine of an individual 
with Cushing’s syndrome. 

There was an absolute increase in excretion of 
fractions Y and Z (indicating an increase in the 
metabolic products of B or A) in the subject 
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MUS. with florid Cushing’s syndrome, but this 
was not found in subjects FR. or ST. in whom 
the manifestations were less marked. Speculations 
from these findings concerning probable secre- 
tion rates of the adrenal cortex in Cushing’s syn- 
drome are presented in the Comments, Part I, and 
in Table IV. 


Adrenal cortical carcinoma—Case history 


Subject CA. This case has previously been reported 
in detail (33). The finding in her urine of pregnane-3a, 
17a, 21-triol-20-one (H,S —“tetrahydro compound S”) 
has also been previously reported (34) and electrolyte 
balance studies have been presented by Elkinton, Squires, 
and Crosley (35). This 48-year-old housewife showed 
marked hirsutism, acne, low pitched voice, enlarged cli- 
toris, atrophy of the breasts, and marked muscular weak- 
ness, associated with abnormalities of electrolyte metabo- 
lism at times similar to those found in Cushing’s syn- 
drome, but had periods of hypoglycemia (prior to, and 
after development of recognizable liver metastases). 
The urine for chromatography was collected one month 
before her death with metastases eight months after 
removal of the original tumor. At approximately this 
time, the total neutral 17-ketosteroid excretion varied be- 
tween 162 and 320 mg. per 24 hr. The urinary estrogens 
were considerably elevated, by bioassay (greater than 
400 and less than 660 mouse units per 24 hrs.). Neutral 
lipid-soluble reducing substances found in the extract 
subjected to paper chromatography totaled 64 mg. per 
24 hr. (Values in normal individuals by the method 
used are usually less than 20 mg. per 24 hrs.) 


Chromatographic pattern and identification studies 
(adrenal cortical carcinoma) 


The alpha-ketolic peak produced by tetrahydro 
compound S in the X fraction of the chromato- 
gram is shown in Figure 3 and identification stud- 
ies listed in Table I. A semi-quantitative esti- 
mate (Table II) indicates that approximately 12.4 
mg. of tetrahydro compound S were extractable 
(by the method used) from the 24-hour urine 
collection. In addition, a small amount of material 
with many of the characteristics of compound S 
was isolated (see Tables I and II). The identifi- 
cation procedures listed in Table I for the sus- 
pected compound S do not include spectrometry in 
sulfuric acid or infrared spectrometry since in- 
sufficient material was obtained from the aliquot 
of the 24-hour urine specimen employed. How- 
ever, the development of a red color in sulfuric 
acid (36) in association with running rates 
(Rpoc), absorption of ultraviolet light and positive 
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Porter-Silber reaction all indicate that the sub- 
stance may be Reichstein’s compound S. 


Comment 


As previously reported (1), the administration 
of 100 mg. of S acetate on three occasions to two 
subjects with markedly decreased adrenocortical 
function resulted in an average urinary excretion 
of 2.1 mg. of AKSM per 24 hrs. ; over 90 per cent 
of this was H,S. Although the amount of alpha- 
ketols excreted is apparently not a straight-line 
function of the dose administered, calculations 
from the above suggest that this patient was ex- 
creting metabolites equivalent to that resulting 
from oral ingestion of approximately 600 mg. of 
compound S per day. Since (a) the production 
of compounds F (and/or E) appeared to be 
within normal limits in the subject CA. as judged 
by the excretion of H,F and H,E in “normal” 
amounts, and (b) at post-mortem the remaining 
adrenal was normal histologically and not atrophic 
(wt. = 7 gm.), it would appear likely that this re- 
maining adrenal might have accounted for the 
hypothesized normal rate of production of F (and/ 
or E). 

The production of ACTH was apparently not 
significantly inhibited, since the remaining adrenal 
was not atrophic. This is in agreement with the 
previously demonstrated weak ACTH suppressing 
effect of compound S in the rat (37). It would 
also seem probable that the major alpha-ketolic 
steroid produced by the metastatic adrenal carci- 
noma was compound S. Hechter (19) has postu- 
lated the production of compound S as an inter- 
mediate in the production of F from 17-hydroxy- 
progesterone (19). It seems probable that the 
introduction of a hydroxyl group at carbon atom 
11 did not take place, but that 21-hydroxylation 
did occur in this particular cancer tissue. This 
concept is in accord with the view that cancer cells 
are more “primitive” in nature and hence might 
not contain all the enzyme systems present in ma- 
ture cells. The possibility exists, however, that 
specific adrenal cortical cells might have such 
a restricted function. 

The subject’s electrolyte pattern may be ex- 
plained on the basis of secretion of large amounts 
of compound S but the hypoglycemia and very 
large amounts of neutral 17-ketosteroids and 
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“dehydroepiandrosterone” (33) in the urine can- 
not be explained on this basis alone (22). In ad- 
dition, the chromatographic evidence of “nor- 
mal” amounts of H,F and H,E would seem to in- 
dicate a relatively normal amount of F and/or E 
secretion; so, apparently, the hypoglycemia was 
not due to an absolute insufficiency of F (or 
E), unless there was a considerable decrease in 
secretion from time to time. 


DISCUSSION 


Three previously identified and four “new” 
alpha-ketolic steroid metabolites have been identi- 
fied in the urine of subjects given intravenous 
ACTH and four metabolites in a subject with 
Cushing’s syndrome and three in a subject with 
adrenocortical carcinoma. Comments after Parts 
I and II present certain speculations concerning 
the probable precursors of these alpha-ketolic 
metabolites. 

Table III lists a total of 11 alpha-ketols that 
have been identified in the urine of individuals 
without adrenocortical disease. However, it is 
emphasized that many more as yet unidentified 
alpha-ketols are present in lesser amounts, as in- 
dicated by the studies of Romanoff, Wolf, Con- 
standse, and Pincus (38). 


SUMMARY AND CONCLUSIONS 


1. The following urinary alpha-ketolic steroid 
metabolites have been identified by chromato- 
graphic studies and spectrometry in sulfuric acid 
or infrared spectrometry or both following ACTH 
infusion to humans: H,F (Pregnane-3a, 118, 17a, 
21-tetrol-20-one), H,E (Pregnane-3a, 17a, 21- 
triol-11, 20-dione), F (A*-pregnene-118, 17a, 21- 
triol-3, 20-dione), the first three having been 
previously identified by others; plus H,B (Preg- 
nane-3a, 118, 21-triol-20-one), allo-H,B (Allo- 
pregnane-3a, 118, 21-triol-20-one), H,A (Preg- 
nane-3a, 21-diol-11, 20-dione), and B (A*-preg- 
nene-118, 21-diol-3, 20-dione). 

2. The first three compounds have previously 
been identified as metabolites of F and E, and the 
last four as metabolites of B and A. Since B and 
A, as well as F and E, are interconvertible, even 
in individuals with severely impaired adrenal 
function, deductions from peripheral blood or 
urine studies concerning the specific adrenal cor- 
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tical precursor of the respective metabolites of 
these two pairs are difficult. Some of the evidence 
concerning adrenocortical secretion has been pre- 
sented. It suggests that F and B are probably se- 
creted in greater quantities than other compounds. 

3. The finding of allo-H,B as a urinary metabo- 
lite after ACTH infusion has been discussed in the 
light of recent evidence indicating this to be one 
of the major metabolites of compound B. 

4. Pregnane-3a, 17a, 21-triol-20-one (H,S) has 
been found in the urine of a man with Cushing’s 
syndrome and in large amounts in the urine of a 
woman with metastatic adrenocortical carcinoma. 
The implications are discussed. 

5. The similarity of the chromatographic pat- 
tern of the alpha-ketolic steroid metabolites found 
in urine extracts of individuals with Cushing’s syn- 
drome to that found after three days of ACTH 
infusion is presented. The difference in chromato- 
graphic pattern between these subjects and those 
individuals given ACTH for only one day is noted, 
and implications concerning a possible change in 
secretion with prolonged stimulation by ACTH 
discussed. 


6. The semi-quantitative values obtained for 


specific, identified, and partially identified alpha- 
ketolic metabolites, as well as estimations (by 
group reaction technics) of the total alpha-ketolic 
steroid metabolites (AKSM), reducing lipids 
(corticoids) after acid hydrolysis (Acid R-L) and 
after glucuronidase plus acid hydrolysis (G’ase 
R-L) and the 17-ketosteroids in normal individu- 
als, individuals after ACTH and patients with 
Cushing’s syndrome and adrenocortical carcinoma 
are presented. 

Addendum 


H,S (Pregnane-3a, 17a, 21-triol-20-one), B (A*-Preg- 
nene-118, 21-diol-3, 20-dione) and A (A‘-Pregnene-21-ol-3, 
11, 20-trione) have recently been identified (infrared spec- 
trometry and spectrometry in H.SO, and other tests) in 
extracts of the urine of a man receiving ACTH during 
an episode of rheumatic fever. This lends further sup- 
port to the supposition that peak X, of subject HI. re- 
ceiving ACTH and Z, of HI. and ME. combined (see 
Table I) are in fact H,S and A, respectively. 
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Thiopental, monosodium 5-ethyl-5-(1-methyl- 
butyl)-thiobarbiturate, is extensively used in 
clinical anesthesia either as a primary anesthetic 
agent for short surgical procedures or as a sup- 
plementary drug in conjunction with other anes- 
thetics. Fatalities have been attributed to its use 
(1, 2) and cardiac arrest has occurred following 
its administration to patients under spinal anes- 
thesia (3). 

Most of the information concerning the cardio- 
circulatory effects of thiopental has been derived 
from animal experimentation (4, 5). Although 
there have been numerous clinical reports de- 
scribing changes in blood pressure, pulse rate 


and respiration during its administration, quanti- 
tative investigations on the effect of this agent on 
the cardiocirculatory dynamics in man are meagre 


(6,7). In view of its extensive use and the com- 
plications ascribed to its administration, a critical 
analysis of the hemodynamic changes which occur 
at various levels of thiopental narcosis in patients 
prior to surgery will form the basis of this com- 
munication. 


METHOD 


Cardiac output and related hemodynamic determina- 
tions were obtained on 14 patients prior to surgery. 
These subjects were in good physical condition and had 
no discernible cardiovascular or pulmonary disease (aver- 
age age—41 years; range 14 to 60 years). The pre- 
anesthetic dosage of morphine and scopolamine varied 
according to the age, weight, and physical status. Ninety 
minutes after a subcutaneous administration of morphine 
(5.4 to 8.0 mgm.) and scopolamine (0.26 to 0.43 mgm.), 


1 Aided by a research grant from the National Insti- 
tutes of Health, U. S. Public Health Service, No. H-1711 
(C2). 

2A preliminary report was presented at the meeting of 
the Federation of American Societies for Experimental 
Biology, Atlantic City, New Jersey, April 16, 1954. 

8 Charlton Fellow—Tufts College Medical School. 


the patient was brought to a quiet anesthesia preparation 
room for study and was placed in the supine position 
with one arm resting on a pillow above the angle of 
Louis. A 15-gauge needle was placed in the median 
basilic vein of the elevated arm and was connected with 
a three-way stopcock for the administration of T-1824 
(Evans Blue) and thiopental. A thin-walled 18-gauge 
needle with stylet was inserted into the brachial artery of 
the other arm for the collection of blood samples. Elec- 
trocardiograph electrodes were appropriately placed and 
electroencephalograph electrodes were positioned accord- 
ing to the method of Kiersey, Bickford, and Faulconer 
(8). 

Control observations were made after a steady rest- 
ing state was maintained for at least 30 minutes. It was 
considered that a basal resting state was obtained only 
when the pulse rate was below 84 per minute. An in- 
travenous drip of 0.2 per cent thiopental was adminis- 
tered slowly. The rate of flow was adjusted to produce 
specific levels of anesthesia as defined by Kiersey, Bick- 
ford, and Faulconer (8) and monitored by continuous 
EEG tracings. The observations were correlated ac- 
cording to the specific levels of narcosis as shown in the 
following classification : 


E.E.G. Pattern 
O Control 
I Hypnosis 

II Light 

III and IV Deep 


Level of Anesthesia 


The average duration of each study was two hours and 
the total dosage of thiopental ranged from 0.6 to 1.0 gm.; 
100 per cent oxygen was administered throughout the 
procedure. 

After specific levels of thiopental anesthesia were 
maintained for 15 minutes, the following observations 
were made: cardiac output, mean arterial pressure, total 
peripheral resistance, stroke volume, mean circulation 
time, intrathoracic blood volume, arterial oxygen con- 
tent and capacity, carbon dioxide content and pH, and 
electrocardiographic recording. 

The cardiac output was determined by the dye dilution 
technique (9). The injection of T-1824 in a 0.5 per 
cent solution and collection of samples from the brachial 
artery were carried out according to the modified 
method of Etsten, Li, and Fisher (10, 11). The stand- 
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ard deviation of the difference between the Fick and dye 
methods was 12.7 per cent, and the standard deviation 
for the difference of duplicate values of cardiac indexes 
by the modified dye technique was 2.4 per cent (10, 11). 
Brachial arterial pressure was measured by means of a 
Statham strain gauge (model P-23A) and continuously 
recorded on a multi-channel, direct-writing oscillograph 
with a frequency response of 60 C.P.S. The mean ar- 
terial pressure was determined by planimetry of the pulse 
wave. Samples of arterial blood were drawn immediately 
after the cardiac output determination for analysis of 
oxygen content and capacity, carbon dioxide content, and 
pH (Cambridge Electron Ray pH Meter—Research 
Model). Values of the pH were accepted when the du- 
plicates checked within a 0.02 unit. The carbon dioxide 
tension was calculated from the carbon dioxide serum 
content and pH values using the nomogram of Peters 
and Van Slyke (12). The hematocrit was determined 
by centrifuging the heparinized blood in Wintrobe tubes. 
The following values were calculated from the formulae: 

1. Cardiac output: The cardiac output was calculated 
from the dye dilution curve according to the modified 
method of Hamilton, Moore, Kinsman, and Spurling 

60 x I 100 
(10, 13): F = S x 100 — H 
diac output in liters per minute, I the amount of in- 
jected dye in mgm., H the hematocrit (not corrected 
for trapped plasma) and S the sum of all the dye concen- 
trations in the primary circulation taken at 1-second 
intervals. 

A semi-log plot is made from the experimental data 
and the value of S is obtained in the following manner 
(10, 11, 14): S=A+B. A equals the sum of C, +C,+ 
... Cx, te., all dye concentrations in mgm. per liter ex- 
cept the last term on the descending limb of the primary 
curve before recirculation starts. This last term is 
designated Cx, and Cx is the one just prior to this 
last term. A straight line is extrapolated from Cx, and 
B equals the sum of the concentrations obtained from the 
extrapolated portion of the descending limb of the curve. 
The last three or more points of the primary circula- 
tion fall on a straight line corresponding to an exponen- 
tial fall in dye concentration. From these few points a 
straight line is extrapolated to complete the graph of 
the primary circulation. The sum of the dye concentra- 
tions in this extrapolated portion of the graph is com- 
Boas C41 

1-—r 
and is added to the sum of A; r is the ratio of any term 
of the series to the preceding term. 

2. Mean circulation time: The mean circulation time 
is the time taken by the dye particle of average speed to 
pass through the veins from the point of injection, the 
right heart, the lungs, the left heart, and the arteries to 
the point of sampling. It is calculated from the formula: 


CiT:+C2T2 +--+ -CxTx +oe (Tess + i) 
M.C.T. = S 


The T’s represent the lengths of time between injection 
and the sample at each second throughout the primary 





: F represents the car- 


puted by the formula for geometric series. 
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The 
( Tx. +74) equals the sum of the products 


curve until recirculation appears. last term 
Cr41 
1-r 
of all extrapolated terms multiplied by time. 

The mean circulation time was determined by plotting 
on semi-logarithmic graph paper the concentration of 
the dye in each sample against the time of collection of 
the sample. The mean circulation time is in close agree- 
ment to a vertical line that divides the area subtended by 
the primary dye curve into two equal parts. 

3. Intrathoracic blood volume (15, 16): The volume 
sents the volume of circulating blood from the point of 
injection of the dye in the peripheral arm veins, right 
heart, pulmonary vasculature, the left heart and the ar- 


teries to the point of sampling. 


7 4 ( 
calculated from the mean circulation time X 


Intrathoracic blood volume (liters) = <2 CT. 
where C.O. = cardiac output in L. per min. and M.C.T. = 
mean circulation time in seconds. Changes of the intra- 
thoracic blood volume were not considered as significant 
when they were less than 15 per cent of the control val- 
ues (7, 17). 

4. Total peripheral resistance: 

TPR. (— _ sec: ) 

cm. 

a Mean arterial blood pres. (mm. Hg) X 1,332 

2. C.O. (cc./sec.) ~ 
The gradient was represented by the arterial pressure 
only, since it has been found that the right auricular 
pressure is unchanged during thiopental anesthesia (18). 

5. Left ventricular work: 

L.V.W (Kg.-meters per min.) = 0.0135 x C.O. (L. per 
min.) X mean arterial blood pressure (mm. Hg) 

6. Statistical analysis: The per cent change refers to 
the mean per cent change of each group. Each patient 
served as his own control. Only the control values for 
those patients studied under a specific level of anesthesia 
were used to calculate the per cent change found during 
that specific level. The mean of the control values for 
the whole group was not used to calculate the per cent 
change found during any specific level of anesthesia since 
some patients were not studied throughout all of the 
levels. 

The probability or “P” value was obtained by the 
method of the Fisher’s T-test. 





RESULTS 


The pertinent data are summarized in Table I; 
the mean, the standard deviation, and the stand- 
ard error of the mean of the absolute values are 
shown in Table II; and the average percentage 
changes during the different levels of thiopental 
anesthesia are shown in Table III. 

Cardiac index: The mean cardiac index during 
the resting state was 3.37 L. per min. per M* and 
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TABLE I 
Physical characteristics, hemodynamics, and arterial blood gas data before and during thiopental anesthesia 
patients prior to surgery 





Patient 


Stroke 
Volume 





Level L/min. | L/min/m4 


Kg-meters 
/Min,. 





Control 92 3.61 
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1-2 .20 3.78 
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TABLE I—Continued 
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Stroke 
Volume 
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Body Surface Area 
Electro-encephalograph 
Total Peripheral Resistance 


Left Ventricular Work 
the standard deviation of the sample was + 0.72 
L. per min. per M*. This value compares favor- 
ably with those reported by other investigators 
(Table IV). The cardiac index did not change 
significantly during the state of thiopental hyp- 
nosis (P >0.9) (10). The state of hypnosis 


- Mean Circulation Time 
- Intrathoracic Blood Volume 
- Gematocrit 


was characterized by the typical EEG barbiturate 
sleep pattern. The patient was somnolent but 
would respond by awakening to a strong extra- 
neous stimulus. 

The mean cardiac index during light surgical 
anesthesia was 3.01 L. per min. per M? (S.D. + 
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TABLE II 


Average absolute values during thiopental anesthesia 





Resting State 


Hypnosis Surgical Anesthesia 





(Post Sedation) 


Light Deep 





20° 


c . 
0.72°* 


3.37 


+14 


sia 
(L/min/M?) 


14 


3.01 0. 
0,50 





100 
350 


T.P.R. 
(Dynes-sec:cn™ 


1340 
5) 
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470 


1520 


I++ | 141+ 


I+l+ | 141+ 
1+i+ | 141+ 





Index 1,04 0.07 


0,24 


Intrathor, Bl. Vol. 
(L/M*) 


0.92 0,07 


0.24 





6 
24 


Stroke Vol, 86 
(c.c.) 


1+i+ | iti | 1414 


67 6 


19 


i+i+ | 1414+ 
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i+t+ | (41+ 





5 
17 


Mean B.P. 96 
(mm.Hg.) 


7 
24 


I+1+ 





0.56 
1.97 


L.V 7.46 


oW, 
(Kgm—meters/min,) 


I+l+ | i++ 


I+1+ 





Pulse Rate 71 
(per min,) 


I+1+ 
we 
~w 





M.C.T. 19,0 


(sec.) 
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“Standard Error of the Mean 
**Standard Deviation 


0.50), and during deep surgical anesthesia was 
2.81 L. per min. per M? with a standard deviation 
of + 0.41 L. per min. per M?, as compared to the 
mean value during the resting state of 3.37 L. per 
min. per M? with a standard deviation of + 0.72 
L. per min. per M? (Table II). The average de- 
crease of the cardiac index during the light level 
of anesthesia was 12 per cent (P > 0.3) and dur- 
ing the deep level of surgical anesthesia was 25.4 
per cent (P < 0.001) (Figure 1). Six of the 12 
cardiac output values during light surgical anes- 
thesia were reduced 12 per cent below the resting 
state, and all of the 9 determinations during the 
deep surgical anesthesia fell below the 12 per cent 
level (range: 12 to 42 per cent). 

Intrathoracic blood volume: The mean intra- 
thoracic blood volume index during the resting 
state was 1.038 L. per min. per M? with a stand- 
ard deviation of + 0.238 L. per min. per M?. It 
was not significantly changed during the state of 
hypnosis. Nine of the 12 determinations of the 
values of the intrathoracic blood volume during 
the light surgical anesthesia were not significantly 


changed. The mean value was 12.5 per cent 
(P < 0.05) below the resting value. Eight of the 
nine determinations during the deep level fell be- 
low 13 per cent. The mean value was reduced 23 
per cent (P < 0.001) below the control value and 
the range of reduction was 13 to 52 per cent. 

Stroke volume: The mean value dropped from 
86 cc. (resting state) to 66.5 cc. + 19.4 (S.D.) 
at the light level and 57.1 cc. + 15.4 (S.D.) at 
the deep level of anesthesia. Analysis of the 
percentage changes during the anesthesia levels 
compared with the resting state showed that the 
stroke volume was reduced 20 per cent during 
light anesthesia (P < 0.01) and 35 per cent dur- 
ing deep anesthesia (P < 0.001). Nine of the 11 
determinations of the values of the stroke volume 
during light surgical anesthesia were reduced 13 
to 47 per cent and the values during the deep 
level ranged from 19 to 50 per cent below the 
resting state. 

Total peripheral resistance: The calculated mean 
total peripheral resistance during the resting state 
was 1,340 dynes-sec.-cm.-*> with a standard devia- 
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TABLE III 
Hemodynamic changes: thiopental * 





% Change 





Hypnosis Surgical Anesthesia 





Light Deep 





C8. “ . - 11.6% 
L/min/M* 





T.P.R. i 18.7% 
Dynes-sec.-cm™”% 





Intrathor. Bl.. Vol. - 12.5% 
Index L/M2 





Stroke Volume r 8% ae 
Les 





Mean B.P. 2% .6% 
mm. Hg 





L.V.W. -6% 1% 
Kgm.-meters/min. 





Pulse Rate ; ‘ 18.8% 
per min, 





M.C.T. 2.7% 3% 3.7% 
sec. 




















* The mean percentage change of each group includes only those patients 
who were studied during a specific level of anesthesia. The individual per 
cent change calculated for a specific level of anesthesia refers to the resting 
values of the same individual and not to the mean of the control values for 
the entire group. 


TABLE IV 
Cardiac index: resting state 





C.I. L/min/M? 


Mean $ S.E.| S.D. 





Author 





Stead et al, 1945 (19) 3.37 + 0.57 
Cournand et al, 195 (20) 3.31 + 0.54 


Sancetta et al, 1952 (21) : 3237 


Doyle et al, 1953 (22) 3250 + 0.30 





3420 $ 0220 

le et al, 1953 (22 
Doyle e » 1953 (22) 3220 4 0.23 | 0.70 
3629 $ 0.07 | $ 0.49 


Etsten and Li, 195 (10,12) 
3037 4 0.18 | 4 0.58 
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tion of + 350. During the state of hypnosis the 
mean value was 1,370 dynes-sec.-cm.-> with a 
standard deviation of + 180 (P >0.6). During 
light surgical anesthesia the total peripheral re- 
sistance increased 19 per cent (P< 0.01) and 
during deep anesthesia 32 per cent (P < 0.01) 
(Tables II and III). 
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Mean arterial blood pressure: The mean ar- 
terial blood pressure was 96 mm. Hg with a stand- 
ard deviation of + 16.9 mm. Hg during the rest- 
ing state; it did not change significantly during 
any level of surgical anesthesia (P > 0.9) (Tables 
II and III). 

Pulse rate: The pulse rate during the resting 
state ranged from 60 to 84 with a mean value of 
71 per minute (S.D.+19). The mean pulse 
rate was 70 per minute with a standard deviation 
of + 16 (P > 0.6) during hypnosis, 79 per min- 
ute (S.D.+12) (P > 0.05) during light anes- 
thesia, and 85 per minute (S.D.+11) (P< 
0.01) during deep anesthesia (Table II). The 
average increase of pulse rate during hypnosis 
was 7.1 per cent (seven determinations) (P > 
0.5) ; during light anesthesia the increase was 11.9 
per cent (twelve determinations) (P > 0.05). 
Both changes were not statistically significant. 
During deep surgical anesthesia, however, the 
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average increase (nine determinations) was 18.8 
per cent (P < 0.02). 

Left ventricular work: The left ventricular work 
ranged from 4.3 to 11.2 Kg.-meters per minute 
with a mean value of 7.46 Kg.-meters per minute. 
During hypnosis the average change was an in- 
crease of 2.3 per cent (P >0.5). During light 
surgical anesthesia, the left ventricular work de- 
creased 9.6 per cent (P > 0.1) and during deep 
anesthesia the left ventricular work was reduced 
28 per cent (S.D.+15 per cent) (P < 0.001) 
(Tables II and III). 

Mean circulation time: The mean circulation 
time was 19 seconds with a standard deviation of 


+ 5 seconds during the resting state. There was 
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no significant change in the mean circulation time 
during the three levels of thiopental anesthesia 
(Table II), the average changes ranging from 
— 2.7 to + 3.7 per cent. 

Oxygen saturation: The oxygen saturation 
ranged from 92 to 96 per cent during the resting 
state and ranged from 95 to 108 per cent through- 
out all the levels of surgical anesthesia (Tables I 
and IT). 

Carbon dioxide tension: The mean pCO, dur- 
ing the resting state was 46 mm. Hg with a stand- 
ard deviation of + 2.74 mm. Hg. During hyp- 
nosis the average pCO, value was 49 mm. Hg; 
during light anesthesia was 52 mm. Hg; and dur- 
ing deep surgical anesthesia was 53 mm. Hg 
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point 1.0, 1.0. All the other points are the experimental values in reference 
to the resting value. The solid line is a rectangular hyperbola passing 
through the cross. This solid line consists of points where the product of 
heart rate and stroke volume, or the cardiac output, is constant and normal. 
The broken line represents a reduction of the cardiac output, 20 per cent 
below the resting value. Open circles: light and closed circles: deep thio- 
pental anesthesia. During the light and deep thiopental anesthesia the stroke 
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i.c., 20 per cent below the resting value. 
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(Tables I and II). 


31 to 66 (seven determinations during light and 


These values ranged from 


eight determinations during deep surgical anes- 
In three experiments there 
In all the other 
there was either no change or even 
All the variations of the pCO, during 
thiopental anesthesia were statistically insignifi- 
cant (P’> 0.1). 


Correlation of cardiac index, intrathoracic blood 


thesia ). was a slight 


increase in pCO,,. experiments 
a slight de- 
crease. 


volume, and stroke volume: Since the cardiac in- 
dex, intrathoracic blood volume index, and stroke 
volume were all reduced (Figure 2) during surgi- 
cal anesthesia, it was deemed worthwhile to de- 
the among these 
variables. The correlation coefficient be- 


termine correlation coefficient 
three 
tween the cardiac index and intrathoracic blood 
volume index was + 0.703 and between cardiac 
output and stroke volume was + 0.858 (Figure 3, 
a and b). There was also a positive correlation 
between the intrathoracic blood volume and stroke 
volume (r = + 0.765). 

Relationship of the stroke volume and pulse rate 
to the cardiac output during thiopental anesthesia: 
The usual inverse relationship between pulse rate 
and stroke volume was not well maintained during 
thiopental anesthesia. Although the mean in- 
crease of the pulse rate was 18 per cent, the change 
was not sufficient to compensate for the lowered 
stroke volume. This is shown in Figure 4. 


DISCUSSION 


The hemodynamic changes observed in patients 
during thiopental anesthesia varied with the levels 
of narcosis. The cardiac output, stroke volume, 
and intrathoracic blood volume were progressively 
reduced as the level of anesthesia deepened (23). 
Since thiopental was given slowly in low concen- 
tration (0.2 per cent), respiratory depression and 
obstruction were avoided. Marked variations of 
respiratory exchange (24), therefore, can be ex- 
cluded as a factor in causing lowered cardiac out- 
put and lowered intrathoracic blood volume or in 
concealing changes in the effective auricular filling 
pressure. Since the central venous and left au- 
ricular pressures (18, 25) are not elevated during 
thiopental anesthesia, it is reasonable to state that 
the decrease in cardiac output is not the result of 


depression of the heart as a pump. 
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The effect of thiopental on metabolism may be a 
possible cause for the decrease in cardiac output. 
Total body oxygen consumption is lowered by 15 
per cent (26), and cerebral metabolism is de- 
creased during thiopental anesthesia (27, 28). 
The lowered requirements of oxygen for tissue 
metabolism may be partly responsible for the 
reduction of the cardiac output. 

A more likely cause for the lowering of the 
cardiac output during thiopental anesthesia is a 
redistribution of the circulatory blood volume. 
This concept is based on the finding of a positive 
correlation between the cardiac output, stroke vol- 
ume, and intrathoracic blood volume (Figure 2). 

The intrathoracic blood volume refers to the 
volume of blood in the basilic vein at the point of 
insertion of the dye in the heart, lungs and intra- 
thoracic vessels and artery to the point of sampling, 
frequently designated as the ‘central blood vol- 
ume.” Since the amount of blood in the major 
arteries is presumably quite constant (7, 29, 30) 
and the source of error related to the variation in 
volume in the venous system from the point of in- 
jection of the dye to the heart is negligible in re- 
lation to the volume measured (13), we believe 
that our measurements of the intrathoracic blood 
volume mirror changes in the “central pool” of 


blood which occur during the phases of this study. 


It is realized that there are limitations to the 
method of calculating the intrathoracic blood vol- 
ume (17). However, Nylin found a close corre- 
lation between the heart volume and the type of 


He 


also found a close correlation between the results 


dilution curves obtained in normal persons. 


obtained by biplane radiography and the dilution 
technique (31). The accuracy of the principle 
employed for the calculation of the “central blood 


volume” is obviously limited by the accuracy with 
which the blood flow and the mean circulation 
time can be measured. Since the mean circulation 
time remains constant in each subject during all 
the levels of narcosis, the comparative values of 
these physiologic volumes are considered as 
significant. 

There are other reports that can be considered 
Johnson (7) by 


means of the dye dilution method found a positive 


in support of this viewpoint. 


correlation between the lowered cardiac output 
and central blood volume during spinal and “nar- 
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kotal” anesthesia. He also determined the pul- 
monary blood volume in patients before and dur- 
ing barbiturate anesthesia by injecting dye into 
the pulmonary artery and collecting blood samples 
from the brachial artery. Our values for the in- 
trathoracic blood volume obtained by injecting 
dye into an antecubital vein showed a similar per 
cent change during deep thiopental anesthesia. 
Kopelman and Lee (32) compared the values for 
the “central pool” obtained by injecting dye into 
the pulmonary artery in one group of patients and 
by injecting dye into an antecubital vein in another 
similar group. They found the same per cent 
change with each method. Sjostrand demon- 
strated a direct relationship of the central blood 
volume to stroke volume and the cardiac output 
(29). 
It is, 
the decrease in intrathoracic blood volume, stroke 


therefore, reasonable to postulate that 


volume, and cardiac output is caused by a re- 
distribution and pooling of blood in the peripheral 
circulation that results in a diminished venous re- 
turn to the heart, hence the reduced cardiac out- 
put. 
in total vascular capacity. 


Such pooling could be caused by an increase 
The progressive de- 
crease in hematocrit characteristic of barbiturate 
anesthesia is highly suggestive of hemodilution 
and an increase of total vascular capacity (33-36) 
(Table II). The blockade of vasoconstrictor re- 
flexes during thiopental anesthesia (25) may also 
be a contributing factor to the pooling. 

Further evidence supporting the concept that 
the circulating blood volume is redistributed dur- 
ing thiopental or other barbiturate anesthesia ap- 
pears in the literature. It was reported that blood 
flow through the mesenteric and femoral vessels 
(37) ; 
larged (33); that cerebral utilization of oxygen 


was diminished that the spleen was en- 
was depressed in spite of the maintenance of an 
adequate blood flow (27, 28, 38); that vasocon- 
striction occurred in the liver and kidney associ- 
ated with a decrease in hepatic and renal blood 
flow (39, 40) ; that depression of vasomotion and 
capillary venous output in dogs’ omentum was as- 
sociated with a sluggish venous return of blood 
as anesthesia deepened (34, 35); and that a pro- 
found vasodilation occurred in the skin and muscle 
as found by means of water plethysmography, al- 
though the blood pressure was unchanged (36). 

On the other hand, Greisheimer and his co- 
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workers (5) reported an increase in cardiac out- 
put by means of the cuvette oximeter during thio- 
pental anesthesia in dogs. It is known that the 
rapid intravenous administration of a 2 to 5 per 
cent concentration of this drug depresses alveolar 
ventilation (24, 41), resulting in an elevated ar- 
terial pCO,. 
our findings and those of Greisheimer can most 


The discrepancy, therefore, between 


likely be explained by the influence of increased 
arterial pCO, (41), species difference, and pos- 
sibly the difference in technique. 

In contrast to the findings of a reduction in 
cardiac output, intrathoracic blood volume, and 
stroke volume during deep surgical anesthesia, 
there were no significant changes during thiopental 
hypnosis. It was found that by means of a slow 
infusion of a dilute concentration of thiopental 
(0.2 per cent), a steady basal state (hypnosis ) 
could be produced in human subjects for the pur- 
pose of investigation. Throughout all the stages 
of narcosis, the mean arterial pressure was main- 
tained at normal levels (Figure 2, Table III) 


presumably by the compensatory increase in total 


peripheral resistance. 


SUMMARY AND CONCLUSION 


The changes of the cardiac output and related 
hemodynamics were evaluated in 14 patients an- 
esthetized with thiopental. The cardiac output 
was unchanged during the state of hypnosis and 
reduced 25 per cent (S.D.+ 10 per cent) dur- 
ing deep surgical anesthesia. The changes in the 
“intrathoracic blood volume” and stroke volume 
paralleled the changes of the cardiac output. The 
reduction in “intrathoracic blood volume” found 
during surgical anesthesia most likely represents 
the reduction in the central blood pool. It is be- 
lieved that the reduction in “intrathoracic blood 
volume” and stroke volume may be the result of 
the redistribution and pooling of blood, causing a 
diminished venous return to the heart. 
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